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PRECURSORS OF INDOXYL 

Bt ANDRfiS 0. M. STOPPANI* 

(F rom the InsiUuto dc Fisiologta dc ia Factdlad dc Ciendas Mtdicas de Buenos Aires, 
Buenos Aires, Argentina) 

(Received for publication, November 13, 1943) 

The formation of indoxyl by indole and derivatives of indole, and by 
o-nitro and o-aminobenzyl compounds, has been studied by Crowdle and 
Shen^dn (1), Houssay d qL (2, 3), and by Bohm (4-7) with some divergence 
in results. The present work adds new compounds to those already studied 
and re\dews the problem. 


EXPERIMENTAL 

The indoxylogenic action of the substances mentioned in Table i v^as 
studied in dogs of both sexes, weighing 7 to 15 kilos. To avoid rena) 
elimination of indoxyl, the dogs were nephrectomized under nembutal 
anesthesia. Blood indoxyl was determined in samples taken from the 
carotid artery before and after operation, the average value being selected 
as the initial concentration of indoxyl. Substances to be tested (0.07 m; 
10 to 20 mg. per kilo) were dissolved or suspended in 20 ml. of saline solution 
and injected into the jugular vein, Indoxyl was determined each hour 
during the experiment, most of which lasted at least 5 hours. 

Increments per hour of plasm indoxyl (mg. per liter) over the initial 
concentration were averaged; the mean of the values (7^ — m db r) for a 
compound was taken as a numerical expression of the indoxylogenic action 
of the compound. The difference between the average values obtained in 
different experiments was deemed significant when A ^ — rriy > 4R; 

R — rl + rl where m is the mean value and r is the probable error of 
the mean. 

The r6Ie of the digestive tract and liver in the indoxylogenic action of the 
compounds under investigation was determined by injecting them into dogs 
deprived of (1) kidneys, (2) kidneys and digestive tract, (3) kidneys, diges- 
tive tract, and liver (abdominally eviscerated). Surgical procedures were 
carried out as described by Markowitz (8). For extirpation of the liver a 
Pyrex glass cannula was inserted into the inferior vena cava, fastened with 
ligatures, and then the suprahepatic veins were cut off. 

Plasma indoxyl was determined according to Bohm and Griiner (9) with 
the Pulfrich photometer; after treatment mth Jolles’ reagent indoxyl gives 
cymoiindolignone with a maximal extinction at about X 570 m/i (Filter S-57). 
After injection of indoleacetic, indolepropionic, or indolepj’ruvic acid or 

* Fellow of the Sauberan Foundation, 
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skatole, treatment of blood plasma filtrates vnth Jolles’ reagent led to the 
appearance of colors which may interfere in the determination of indoxyh 
The position of maximal extinction corresponding to the substances already 
mentioned is described in Table 1 as taken ^^ith a Hilger spectrograph* 
Zeiss microphotometer and comparator. 

The error in the indoxyl estimation determined by the substances men- 
tioned is not taken into account except in the case of indoleacetic acid, 
since the concentration of indoxjd calculated with e (extinction, log //Jo) 
corresponding to X 570 m^ is not significantly different from the concentra- 
tion observed in the controls. 

In the case of indoleacetic acid injection, this was not the case and a 
correction was made according to the Vierordt method (10) by measuring 
c in X 530 mp and X 570 mp and using the following figures of k (specific 


Table I 

Spectral Position of Maxunal Absorption of CJ^oroforviic Solution of Pigments 
Obtained by Treatment imth Jolles* Reagent 


Substance 

Wa\ c length 


Trtii 

Skatole 

440 

Indolealdehyde 

481 538 

Indolepropionic acid 

444 

Indoleacetic acid 

536,* 498 

Indolepyruvic . 

1 No selective absorption between 530 


1 mp and ultraviolet 


* The more intense of two maxima. 


extinction, gm. ml.~' cm.) determined on indoxyl and indoleacetic solu- 
tions: indox*>d. 82.0 =t 1.5; /csto, 85.4 ± 1.5; indoleacetic, fcso, 25.3 zfc 0 S, 
khiot 16.4 ih 1.1. 

Tryptophane, indolepropionic acid, indoleethylamine, skatole, indole- 
acetic acid, and o-nitrocinnamic acid were obtained from the Eastman 
Kodak Company, o-nitrophenylpropiolic acid and indolecarbonic acid from 
Fraenkel Landau, o-nitrophenylethanol was piepared according to Sabetay 
et al, (11); o-aminophenjdethanol according to Bennett and Hafez (12). 
indolealdehyde, according to Boyd and Robson (13); and indolcpyruvic 
acid, according to Ellinger and Matsu oka (14). The remaining com- 
pounds (Table II) \\ere prepared by appropriate methods described in the 
literature. 

Results 

As may be deduced from Table II, the compounds which are indoxylo- 
gemc in the nephrectomized dog are the follovving: o-aminophcnylethanol, 
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Table II 

Hourly Increment of Plasma Indozyl in Dogs after Injection of Various Possible 
Indoxyl Precursors Following Extirpaiion of Various Organs 


The vftluca represent the hourly increments (mg. per liter of blood) over the ex- 
pcriraentnl period, trhich lasted in most cases at least 5 hours. 



Extirpated organ 

Kidno'5 

Kidneys and digestive 
tract 

Kidnej's, digestive tract, 
and liver 

Xo. of 
experi' 
mcnls 

A 

No. of 
experi- 
menta 

h 

No. of 
experi* 
meats 

h 

o-Kiiroflcelophenone 

3 


2 

0.10 ±0.07 

2 

0.00 db 0.02 

o-Aminoacetophe- 

2 






none 







o-Nitropbenyl ace ty- 

3 



3.10 ±0.06 

3 

3.00^:0.24 

lene 







o-Aminophenylacety- 

2 






lene 







o-Nitrophenylethanol 

5 


3 

0.30 ±0.08 



o-Aminophenyl- 

3 


3 

14.00 ±2.70 

3 

0.00 d: 0.04 

ethanol 







o-Nitrophenylacetal- 

3 


3 

0.16 =fc 0.04 



dehyde 







o-Nitrophenyl acetic 

3 






acid 







o-Aminophenylacetic 

3 






acid 







o-Nitrocinnamic aeid 

3 






o-Aminoc innami c 

2 






acid 







o-Nitrophenylpro- | 

2 


3 

13.30 ±0.48 

3 

4.00 0.69 

pioHc acid j 







o-Aminopheny]pro- i 

2 

0.52 ±0.16 





piolic acid 







«-Nitrophenylpyru“ 

3 






vie acid 







o-Nitrobenzoylacetic 

3 


3 : 

1,20 ±0.12' 

3 

0.07 d: 0.02 

acid 




j 



Indole 

4 


3 

12,40 ±0.14 

5 

4.40 dc 0.14 

Skatole 

3 

IQQ !! 2 ^ 





Indolealdehyde 

3 






Indolecarbonic acid 

3 

If S ! 





Indoleethylamine 

3 

!! 9|i 





Indoleacetic acid 

2 

!! wii 





Indolepropionic acid 

4 

1 0.77 Xfc 0.14 





Indolepyruvic acid 

3 






Tryptophane 

3 






Controls 

12 

WSSBm 

10 

0.13 ±0.05 
> 

6 

0.00 dz 0.01 
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o-nitrophenyipropiolic acid, indole, o-nitrophenylethanol, o-nitrophenyl- 
acetylene, o-nitroacetophenone, o-nitrophenylacetaldehyde, o-nitrobenzo- 
ylacetic acid, and indolealdehyde. The Ihoi o-aminophenylacetic acid and 
o-nitrocinnamic acid was greater than that corresponding to the controls, 
but as A < 4i2, it was not significant. 

Indole, o-aminophenyiethanol, o-nitrophenylpropiolic acid, o-nitro- 
phenylacetylene, and o^nitrobenzoylacetic acid were transformed into 
indoxyl in nephrectomized dogs and dogs deprived of the digestive tract. 
In abdominally eviscerated dogs, only indole, o-nitrophenylacetylene, and 
o-nitrophenylpropiolic acid produced indoxyl. 

DISCUSSION 

Among the indolic compounds studied only indole and to a very small 
extent indolealdehyde produce indoxyl. This is in harmony with Bohm’s 
(4) results; contrary observations by other authors (3) might be explained 
on the basis of error in the colorimetric determination of indoxyl due to 
the presence of non-specific pigments. If mammals can produce indoxyl 
other than that of intestinal origin (2, 3), its formation could result not by 
loss of the side chain of tryptophane but rather through rupture of the 
pyrrole nucleus of this amino acid with formation of o-aminobenzene deriva- 
tives, as maintained by Krebs et at. (15) in regard to the formation of indole 
by Bacillus colt. The intense indoxylogenic action of o-aminophenylethanol 
in the dog lends experimental support for this hypothesis. 

The role of the liver in the indole-indoxyl transformation has been the 
subject of much discussion. According to Gautier, Hervieux, and Laroche 
(cited by Houssay (3)) the liver is presumed to be the only organ able to 
effect this transformation. Extrahepatic oxidation of indole to indoxyl 
was supported with the aid of inconclusive experiments by Gaetani, 
Pinelli, and Pugioni (c/. (16)), and by Garda and Nacle (17), Macchia (18), 
and by Barac (19). In the present experiments the extirpation of the liver 
in the manner described allows the total elimination of this organ, and the 
method for determination of indoxyl is accurate enough to assui*e an extra- 
hepatic oxidation of indole corresponding to 30 per cent of the total ob- 
served in normal dogs. In the toad Bufo arenantm Hensel, in which no 
indoxyl is normally detectable in the blood, extrahepatic oxidation of 
indole is equal to 50 per cent of that observed in normal animals; so that the 
enzyme systems concerned in the oxidation of indole seem to be but little 
localized (16). 

o-Aminophenylethanol is intensely indoxylogenic in the dog. The possi- 
bility of transformation of o-aminobenzene derivatives into indoxyl had 
been denied by Bohm (6) on the ground of negative results with o-amino- 
acetophenone, o-aminophenylpropiolic acid, and o-aminocinnamic acid. 
These results can be accounted for by the inability of animal tissues to 
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produce in the /5-carbon of the side chain a ECHO group which can react 
with the amino group, as happens with o-aminophenylethanol (15). 

The indoxjdogcnic action of o-nitrophenylpropiolic acid is well known. 
Of the mechanisms proposed for this reaction by Crowdle and Sherwin (1) 
and Bohm (6), that proposed by Bohm seems to agree better with the 
observ'ed data. However, a number of considerations support the belief 
that the rdle of the intermediates suggested is indeed limited. It may be 
noted from Tabic II that the indoxjdogenic action of o-nitrobenzoylacetic 
acid in dogs whose kidneys and digestive tracts have been removed is 
significantly less than that of o-nitrophenylpropiolic acid, while theoreti- 
cally it should at least equal it. In abdominally eviscerated dogs o-nitro- 
benzoylacetic acid docs not produce indoxyl; so that it cannot be considered 
in this case an intermediate in the transformation of o-nitrophenylpropiolic 
acid into indoxjd; finally the indolecarbonic acid tacitly considered as an 
intermediate in this transfmmation has no indoxylogenic properties in 
any case. 

In abdominally e\dscerated dogs only ()-nitropbenylacetylene produced 
indoxyl among all the possible intermediates considered and to an extent 
not significantlj" different from o-nitrophenyipropiolic acid. The fact 
allows one to suppose that o-nitrophenj^lpropiolic acid is partly decarboxyl- 
ated, producing o-nitrophenylacetylene ; this substance is then transformed 
into indoxyl. This latter transformation seems to be performed by means 
of an internal oxidation-reduction reaction, as originally proposed by Baeyer 
(20). In dogs whose kidneys and digestive tracts were removed, or in 
abdominally e%iscerated dogs, none of the compounds which might be 
considered possible intermediates in the transformation of o-nitrophenyl- 
acetylene into indoxyl had any indoxylogenic properties. This does not 
rule out the possibility that in normal or nephrectomized dogs the reaction 
of o-nitrophenylpropiolic acid into indoxyl may be carried out in two ways: 
that proposed by Baeyer (20) and that described by Bohm (4~7) (see the 
accompanying schemes). 


/V 


COOH 




-fHiO 

Bohm 




r 

Jno, 


C— CH,— COOH 




]~CsC— COOH 




L 


■NO, -CO, 
Baeyer 


C^CH 

l^/o, 


/\-c ~CH,— COOH 


+2H, 




OH 


\/“"\h 


--COi 




2H} 


US 


N 

H 
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SUMMARY 

The indoxylogenic action of various indole derivatives and o~nitro and 
o-amino compounds was studied in the dog. Indole and to a very slight 
extent indolealdehyde are the only indole compounds producing indoxyl. 
Extrahepatic oxidation of indole is equal to 30 per cent of that obser\'’ed in 
intact dogs. Among the o-aminobenzene derivatives studied only o-amino- 
phenylethanol produced indoxyl. 

o-Nitrophenylpropiolic acid and o-nitrophenylacetylene produce indoxyl 
in abdominally eviscerated dogs. ^-Nitrophenylacetylene can be con- 
sidered an important intermediate in the transformation of indoxyl from 
o-nitrophenylpropiolic acid. • The presence of the liver is essential for the 
indoxylogenic action of o-nitrobenzoylacetic acid and o-aminophenyl- 
ethanol; the digestive tract is necessary for the indoxylogenic action of 
o-nitrophenylethanol, o-nitroacetophenone, and o-nitrophenylacetaldehyde. 

This work was carried out under the direction of Professor B. A. Houssay, 
to whom the author is deeply indebted for his interest and material aid. 
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THE PROTEIN-FORMALDEHYDE REACTION 
III. THE EFFECT OF TEMPERATURE AND DENATURATION 
By EDWIN R. THEIS 

{From Ihe Biochemistry Division^ Deparlmenl of Chemistry ^ 

Lehigh Universityf Bethlehem) 

(Received for publication, September 6, 1944) 

In Papers I (6) and II (8), the reaction of formaldehyde with collagen 
and wool keratin was discussed. It was shown that for formaldehyde 
fixation by collagen from a 1 per cent formaldehyde solution, the fixation 
increased almost as a straight line function from pH 1.0 to pH 6.5 (the point 
of zero acid or base fixation). At pH 6.5, there was a definite break in the 
fixation curve, the fixed formaldehyde increasing sharply to 0.5 milliequiva- 
lent and then remaining essentially constant from pH 7.0 to 9.5. At pH 
9.5 another break appears, the fixed formaldehyde increasing sharply at 
this point* and continuing up to pH 11.5, at which point approximately 
0*81 milliequivalent of aldehyde is bound. Interpreting these data, Theis 
postulated that in the pH zone 1 .0 to 6.5 the formaldehyde bridged adjacent 
polypeptide chains of the collagen by means of weakly basic imino groups in 
juxtaposition 

^NHHN<^ + CHiO ^N— CHi— N<^ 

In the pH range 7,0 to 9 *5, the reaction was believed to be with the imida- 
zole group of histidine and at pH values greater than 9.5 with the e-amino 
group of lysine. It was further pointed out that at pEJ values more acid 
than the isoionic point, the formaldehyde would not bind with the basic 
groups of lysine and arginine, since these would be expected to exist in the 
charged ionic form and thus the electronic pair of the nitrogen atom would 
not be available for aldehyde fixation. 

In a previous paper, Theis and Jacoby (7) discussed the acid- and base- 
binding capacity of heat^denatured collagen and showed that denaturation 
shifted the point of zero acid or base fixation to a more alkaline one. Since 
no literature reference could be found relative to the binding of formalde- 
hyde by heat-denatured proteins, the following data were obtained. 

EXPERIMENTAL 

Specially prepared collagen material (6) was used for these experiments. 
The preparation of this collagen has been previously described. 2 gm. 
samples of the collagen were placed in water at 70*^ f or 1 minute, thus allow- 
ing instantaneous shrinkage and denaturation to take place. The de- 
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natured samples were then placed in bottles together vdth 200 ml. of 0.1 
N KCl solution made 1 per cent with respect to formaldehyde, after which 
the samples w’ere adjusted to a series of definite hydrogen ion concentra- 
tions with either hydrochloric acid or sodium hydroxide. The range 
covered was from pH 1.0 to 12.5. The bottles were placed in a thermostat 
maintained at 20° for 72 hours. At stated intervals, the samples were 
agitated in order to promote equilibrium. After the 72 hour period, the 
pH at equilibrium was determined by means of a Beckman glass electrode 
assembly; the collagen material was removed and pressed several times 
between blotting paper at 10,000 pounds per sq. in. It has been previously 
shoivm that for all practical purposes such pressure removes free water 
together with any free electrolyte (6). We, therefore, have assumed that 
all free formaldehyde is correspondingly removed, leaving behind only that 
which is firmly^bound to the collagen itself. After being pressed, the col- 
lagen-formaldehyde was allowed to dry in air, and then was groimd in a 
small Wiley mill to a 60 mesh powder. The material was then ready for 
analysis for nitrogen, for bound acid or base, and for fixed formaldehyde. 
These methods have been previously described (6, 5). 

Pig. 1 shows the data obtained. The series of curves may be interpreted 
as follows: Curve A' represents the regular acid and base fixation for the 
native collagen used, while Curve A represents that for the formaldehyde- 
treated collagen. Curve B represents the formaldehyde fixed by collagen 
from a 1 per cent solution of formaldehyde. These curves were fully de- 
scribed and discussed in Paper I. Curve C represents the titration curve 
bf formaldehyde-treated heat-denatured collagen. The trend of this 
curve shows (1) a higher maximum acid fixation than that obtaining for 
undenatured collagen, (2) a greater acid fixation in the pH zone 1.0 to 8.5, 
(3) a shift of the isoionic point to a more alkaline reaction, and (4) a lessened 
base fixation in the zone pH 8.5 to 12.0. Curve D represents formaldehyde 
fixed by the heat-denatured collagen over a wide pH range. These data 
indicate (1) greater formaldehyde fixation over the entire pH range, (2) 
a break in fixation at pH 3.0, another at pH 4.0*, and a third at pH 7.5, 
(3) a decided shift in the plateau zone to a more acid one, and (4) a much 
greater formaldehyde fixation in the alkaline region. 

In another series of experiments, the effect of reaction temperature was 
studied. The experimental procedure was identical to that already de- 
scribed, with the exception that native and not heat-denatured collagen 
was used. The temperatures employed were 2.5° and 60°. In order not to 
cause heat denaturation at 60°, the samples were allowed to react with the 
formaldehyde for 24 hours at room temperature, after which they were 
subjected to a 60° temperature for an additional 48 hours. Even \Ndth such 
precautions, pH values lower than 4.3 and greater than 10.4 caused hydroly- 
sis and denaturation and the data could not be used. 



Fig. I. Showing effect of heat denaturation upon the formaldehyde fixation of 
collagen. The curves are explained in the text. 

The observations are shown in Fig. 2 and may be interpreted as 

A represents the acid and base bound by the collagen at 2.5® and 
indicates in the main approximately the same trend as that shoTm for the 
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collagen-formaldehyde titratioii curre at 20^ Curre C lepresenfs the 
acid and base bound by the collagen at 60^ and shows (2) in the pH range 
4^ to 7J a greater acid fixation, (2) a slight shift in the isoionic point to a 
more alkaline point, and (3) a lessened base fixation in the zone pH 7.1 to 
10.4. Curve B represents the formaldehyde fixation by collagen at 2.5® and 



shovrs (I) in the acid zone pH 2.0 to 0.0 a lessened aldehyde fixation than 
that obtaining at 20® and about the same fixation at pH values greater than 
pH 7,0, and (2) striking points of inflection at pH 6.5 and pH 9.6. Cun^ 
D represents the formaldehyde fixation obtaining at 60® in the pH range 
4.2 to 10.4 and shovrs (1) a greater over-all foniiaIdeh3"de fixation, (2) n 
shift to the more, acid range of the plateau zone, and (3) definite points of 
inflection at pH 6.0 and pH 8.1. 
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Salcedo and Highbergcr (4) investigated the effect of the drying at 100® 
of the collagen-formaldehyde compound and came to the conclusion that, 
regardless of the formaldeh^^de concentration originally used, the final 
compound obtained after such drjdng corresponded to a ratio of 1 molecule 
of formaldehyde for everj’’ free amino group. 

In another series of experiments, the effect of the drying of the collagen- 
formaldehyde compound was investigated. Similar technique to that 
alread}^ described was employed. In this case, however, native collagen 
was treated with 1 and vdth 5 per cent formaldehyde solutions for 72 hours 
at 20®. After treatment, the collagen was pressed and that treated vith 
5 per cent formaldehyde was divided in half, the one-half being used for the 
regular ana]}^is while the other half was dried in vacuo at 100® for 24 houm 
before analysis. The collagen-formaldehyde compound formed through 
the reaction \rith the 1 per cent formaldehyde solution was not dried. 

Fig. 3 shows the data obtained and ma}'* be interpreted as follows: 
Cun^e A represents the titration curve of the dry heated coUagen-formalde- 
h 3 "de compound and shows but little change from that of any of the titration 
cunTs in the acid zone. It does show some little change from that of the 
collagen-formaldehyde compound formed regularly through reaction with a 
5 per cent formaldehyde solution, in the pH range 6.8 to 9.0. Curves B 
and C represent formaldehyde fixation from a 1 and 5 per cent formaldehyde 
solution respectively and are identical to those given in Paper I, Curve 
D represents the formaldehyde fixed by the collagen from a 5 per cent 
formaldehyde solution and then heated in vacuo at 100® for 24 hoiirs. 
These data show (1) less fixed formaldehyde after heating, but more than 
that obtaining in the collagen-formaldeh 3 '’de compound formed from the 1 
per cent formaldehyde solution, (2) a decided shift to the more acid region 
of the broad plateau zone, and (3) a greater removal of formaldehyde in the 
pH range 5.0 to 11.0, 


DISCUSSION 

Theis and Jacoby (7) found that heat-denatured collagen had about 
the same maximum acid- and base-binding capacity as that of the native 
collagen, but that the point of zero combination of the denatured collagen 
had shifted to a more alkaline point. The results of this investigation 
TCre contrary to the findings of Loughlin (1) but in agreement with the 
data of Michaelis and Davidsohn (2) and Mirsky and Pauling (3). 

For the supercontracted collagen, Theis and Jacoby postulated a change 
in molecular structure since it is highly probable that, during the collapse 
of the collagen structure upon itself during the heat denaturation, there is a 
breakdown of existing linkages with the reforming of others. 

Fig. 1 shows rather strikingly that heat denaturation affects the aldehyde 
fixation in just as drastic a manner as it affects the acid and base fixation. 
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Theis believes that normal collagen binds formaldehyde in several dis- 
tinctly different These are (1) bridging of polypeptide chains by 

means of weakly basic imino groups in juxtaposition and occurring over the 
whole pH range and accounting in the main for the increased structural 
resistance of the collagen-formaldehyde compoimd, (2) binding of poly- 
peptide chains by means of the imidazole and e-amino groups of histidine 
and lysine at pH values greater than 6.5 and 9,5 respectively, and (3) 
binding with the e-amino groups of lysine in methylol fashion. Thus these 
reactions might be pictured: 

(1) ^NHHN<^ + CHsO -* ^N~CHr— N<^ 

If H 

(2) — NHiHiN— -f CHtO —N—CHy—N— 

CHiOH 

H / 

(3) — NH; CHiO — N— CH:OH + CH 2 O ^ —N 

\ 

CHiOH 

Since the acid fixation capacity of the collagen is in no way affected by the 
formaldehyde reaction in the acid zone, obviously reactions (2) and (3) 
do not occur in this zone. However, as the pH value increases and the 
charged NHa* groups are dissociated, reactions (2) and (3) occur. 

With the internal collapse of the collagen structure upon itself during 
the heat denaturation, a change in dipolar ion configuration might well 
have occurred, resulting in the conversion of certain electrovalent salt 
linkages to coordinate ones. Further, the structural breakdown might well 
bring into juxtaposition more of the weakly basic imino groups of adjacent 
polypeptide, chains thus resulting in a fur&er bridging and increased alde- 
hyde fixation. Such an interpretation would account for the increased 
fixation noted in the pH range 2.0 to 7.0. In the pH range 7.0 to 7.5 the 
aldehyde fixed is approximately the same for both the native and denatured 
collagen. At pH values greater than 7.5, the curve rises rapidly and sup- 
posedly the 6-amino groups of lysine be^ to react. 

Kg. 2 shows the increased aldehyde fixation occurring through increased 
reaction temperature. Though the precaution of pretreatment at room 
temperature was used, it is quite possible that some heat denaturation 
took place up to pH 7.0 and this may well account for the slight shift in 
the isoionic point. The increase in aldehyde fixation with increasing 
temperature is normal and would be expected. Increased temperature 
would act in a similar manner to a great excess of formaldehyde, causing 
^ greater activity. 

Curve D of Fig. 3 shows that dry heat will volatilize an appreciable 
^ount of formaldehyde when excessive amounts of aldehyde are fixed. 
This fact is especially evident in the alkaline zone. Dry heating of the 
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Fig. 3. Sho\^ing the effect of heating after drying upon 


In this case, however, this difference manifests itsi 
increase in aldehyde fixation over the entire pH ran© 
shift of the fixation curve to a more acid zone. 


THE PROTEIN«FORMALDEHYDE REACTION 
IV. benaturatiox by deaminization of collagen 
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Lehigh XJnivenily^ BelhUhcm) 

(Received for publication, September 9, 

In previous papers (8, 7) we have discussed tlic lieat denaturation of coL 
lagen and have pointed out that the supercontraction of the collagen upon 
itself changes the acid- and base-binding capacity in the isoionic zone and 
increases the formaldehyde fixation over the pll range studied. 

Investigations over a great many years indicate that in the case of pro- 
teins nitrous acid affects in the main only the eamino groups of b^sine 
residues. Wiley and Lends (12) and Stendel and Schumann (5) have con- 
firmed the destniction of lysine during nitrous acid treatment. Wiley and 
Lewis state, however, that during such treatment arginine remains un- 
affected. Stendel and Schumann take issue wdtli this and claim the partial 
destruction of the arginine of the protein. Both Wiley and Le\ris and 
Stendel and Schumann state that some 50 per cent destniction of histidine 
occurs during the nitrous acid ti^tment. Prideaux and Woods (4) main- 
that the deaminization must be done in the co!l; othct'wdse certain 
ride reactions ensue which may result in unaccounted for changes. These 
investigators state that even at room temperatures nitroso groups are 
formed. 

Meunier and Schweikert (3) investigated tlic properties of deaminized 
-oHagen. Their data showed that deaminization cau^-ed a decrease in 
formaldehyde fixation, that such difference was greater at pH values less 
than i .0, and that in no case was the ability to fix formaldehyde lost entirely. 
Highberger and Retzsch (2) studied the formaldehyde-binding capac- 
ity of deaminized collagen. They state that their formaldehyde fix..Lun 
cur\:e for deaminized collagen is very similar to that for native collagen, 
that the formaldehyde bound is lower in all cases, that the slope of the 
cur\’'e for the deaminized material is much less steep below pH 7.0, while 
^ ove pH 8.0 the slope of the curve is about the same as that for nornial 
collagen,. Highberger and Retzsch claim that the low’ aldehyde-binding 
capacity of deaminized collagen at pH values less than 8.0 is due to residual 
y^e residues and that the increased bindmg at pH valiu'S greater than 
hyd^ ^^ction of the guanidino groups of arginine w'ith formalde- 

^owes and Pleass (1) investigated the reaction of formaldehyde with 

15 



16 


PROTf:m-FOiaiALl>EHYI>E REACTION. IV 


deaminized collagen and in the mam came to the same general conclusions 
as those of Highberger and Eetzsch. 

Deaminization with nitrous acid must destroy some few of the electro- 
valent salt linkages that are assumed to exist between adjacent pol37pept5de 
chains. Such changes would then evidence themselves in the breakdown 
of the internal cohesional forces of the collagen. This breakdown of salt 
linkages — JTEfa'^TlOC — should be especially marked in the so called pH 
stability zone or in the isoionic zone. Nitrous acid treatment can certainly 
be stated to be a denaturing one and the data given in the paper will deal 
with the formaldchjrie fixation of collagen which has been denatured 
through deaminization. 


EXPEni5IENTAL 

Specially prepared collagen was deaminized according to the method 
outlined by Highberger and Retzsch (2) and Thomas and Foster (11). 
The general methods employed in the present investigation are identical 
with those described in two previous papers (7, 6) and therefore wall not be 
further discussed. 

Ergs. I and 2 show the data so obtained and may be interpreted as 
follows; 

Curve A (Fig. 1) represents the swelling of the normal native collagen 
.over the pH range 1.0 to 12.0 and shows roinimum values at appro:draatcly 
, ‘ TT 5.2 and pH 8.0. 

\ Curve B represents the swelling observed for native collagen treated with 
jtormaldehyde. These data indicate that formaldehyde treatment represses 
the swelling of collagen in the pH range 1.0 to 5.5 and in the pH range 8.0 
to 12.0. In the zone pH 5.5 to 8.0 swelling is essentially that obtaining for 
normal collagen. The swelling curve for the collagen-formaldehyde com- 
pound shows a slight shift of the minimum value from pH 5.2 to 4.9, a 
slight shift of the maximum from pH 7.3 to 6.5, and a fiat plateau in the pH 
zoneS.O to 10.5 in place of the sharp nunimum obtaining for native collagen. 

Curve C represents the swelling of the deaminized collagen and shows 
a minimum value at pH 4.2 and a plateau zone in the pH range 6.5 to 8v5. 
The swelling of deaminized collagen is less than that of either the native 
or formaldehyde-treated collagen in the pH range 1.0 to 3.6. Curve C 
shows a decided shift of the minimum value from pH 5.2 to 4.2. 

Curve D represents the swelling of the formaldehyde-treated deaminized 
collagen. These data indicate a minimum value at pH 5.3 and then a 
steady and continuous increase of swelling ^vith Inerearing pH value. 
Curve T> shows a repression of swelling from that indicated by C^rve C 
over the entire pH range and a drastic reduction from the native and 
fonnaldehyde-treated native collagen in the pH range 1.0 to 4.5. 
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Cun’cs C and D show strikingly the effect of denaturation by deamkiiza- 
tion in that sn-elling is greatly increased over that of native collagen at pH 



Fio. 2. Showing hydrothermal stability and formaldehyde-binding capacity of 
deaminited collagen. 


values greater than 5.0. Thomas and Foster (11) obtained similar data. 

Chinee E (fig. 2) represents data for formaldehyde fixation by natne 
collagen and has been pre\dousIy discussed in detail (9). 
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Cun’’e F represents the f ormaldchj^de fixed by deaminized collagen . These 
data arc somewhat different from the observations of Highberger and 
Retzsch in that (1) no drastic reduction of formaldehyde fixation is noted 
in pH zone 7.0 to 9.5, and (2) the general trend of the curve in the 
zone pH 1.0 to 7.0 shows a less marked reduction in formaldehyde 
fixation. 

Curv^e G indicates the shrinkage temperature for deaminized collagen 
over the pH range noted . ^ATiereas native collagen has a shrinkage temper- 
ature of approximate!}^ 58^ over the pH range 4,0 to 9.0, the curve for de- 
aminized collagen shows a plateau in the zone pH 3.0 to 6.0 with striking 
decreases on either end of the plateau. In addition the nitrous acid treat- 
ment has materially increased the shrinkage temperature to a value of 
66.5° at pH 3.0. The striking decrease in shrinkage temperature in the 
range pH 6.0 to 8.0 is unusual for collagen. 

Cur\*e H represents the shrinkage temperature of the deaminized col- 
lagen-formaldehyde compounds formed. This curve is still more unusual 
for collagen compounds in that it shows a maximum value of 66° at pH 
3.5. There is a drastic decrease in shrinkage temperature at pH values 
either lower or Wgher than this point. However, the shrinkage tempera- 
ture again increases at pH values greater than pH 7.0, indicative of another 
reaction between the deaminized collagen and formaldehyde. 

DISCUSSION 

Highberger and Retzsch (2), in interpretation of their data, claim in the 
case of dean^zed collagen that the formaldehyde binds with the residual 
eamino groups of lysine at pH values less than 7.0, and that at pH values 
greater than 8.5 the reaction is entirely with the guanidino groups of the 
arginine residues. Their data show, for deaminized collagen, a drastic 
reduction in aldehyde fixation as compared with that for normal collagen. 
This decrease holds for the pH range studied, as can be seen from Table I. 

The data of Highberger and Retzsch were obtained through analysis of 
the collagen-formaldehyde compound after it had been thoroughly washed 
with water. The writer believes that this particular leaching techmque 
reverses to a large extent the coUagen-fonnaldehyde equilibrium, and as a 
consequence the total fixed formaldehyde is smaller than that actually 
obtaining at true equilibrium. The pressing technique, as used by the 
writer (6), removes only that formaldehyde which is free and thus leaves 
behind that which is actually fixed. 

^ study of the various curves in Figs. 1 and 2 indicates that the nitrous 
acid has materially altered the internal structure of the collagen. Curves 
C and G show definitely that in the isoionic zone, pH 6,0 to 8.0, there is a 
^1 breakdown of the internal cohesional forces. This is evident in the 
high alkaline swelling and the drastic decrease in the shrinkage temperature 
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ness as noted trom the swelling curves. Curv’e H representing the fonnalde' 
hj'de-treated deaminized collagen follows the general trend of the cuives 
representing swelling and aldehyde fixation, 

SUMMARY 

Collagen denatured by deaminization lias been studied with respect 
its formaldehyde-binding capacity. This investigation showed: (1) 
formaldehyde binding is somewliat decreased in the acid and very alhalme 
zones, (2) the formaldehyde-binding capacity is but little decreased in the 
pH stability zone, (3) the hydrothermal stability is very different from that 
of normal collagen, and (4) swelling curves are given for normal coUagea, 
formaldehyde-treated normal collagen, deaminized collagen, and formalde- 
hyde-treated normal collagen. 
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In pre\dous papers (6, 9) we have discussed the protein-formaldehyde 
reaction and have postulated the reaction as being of several types: (a) the 
brid^g of polypeptide chains by means of imino groups in juxtaposition; 
(5) brid^g by means of amino groups in juxtaposition; and (c) formation 
of methylol groups. The reaction of a protein with formaldehyde can be 
very easily followed, since the particular protein-foimaldehyde compound 
can be broken down and the fixed formaldehyde quantitatively estimated. 
Since quinone, like formaldehyde, contains a reactive carbonyl group and is 
also a substance of low molecular "weight, the possibility that this substance 
might behave towards proteins in a manner similar to fonnaldeh3’^de has 
been investigated. 

Meunier and Seyewetz (3) first pointed out the remarkable tanning prop- 
erties of p-benzoquinone but little study, however, was made of the reaction 
of quinone with proteins until 1924, when Thomas and Kelly (11, 10) 
carried out a series of experiments in which they determined the effect of 
the pH value of the solutions upon quinone fixation by collagen. 

Thomas and Kelly found a sharp minimum point of quinone nxation at 
approximately pH 9.0. At the time they carried out this particular inves- 
tigation, no accurate method of determining the pH value of quinone 
solutions was in use, and therefore their maximum and mi n i m u m values 
for quinone fixation are probably somewhat in error. Stecker and High- 
berger (5) in 1942 reinvestigated the work of Thomas and Kelly with, in 
the main, the identical technique of these investigators but determined the 
equilibrium pH by means of a glass electrode assembly. Stecker and High- 
bej'ger, with a phosphate buffer system, found a minimum value for quinone 
fixation at pH 7.5, They interpreted the trend of the weight increase 
curves (quinone fixation) as obtained by them in the phosphate-buffered 
system somewhat as follows: (1) the combination of the collagen with 
inonomeric quinone; (2) the formation of a quinone polymer which is in- 
soluble in acid but soluble in alkali; (3) the combination of this polymer 
with collagen at alkaline reactions; and (4) the oxidation of the quinone or 
the characteristic polymer with the formation of oxidation products of high 
molecular weight, which combine with the collagen in acid solution. 
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therefore, have assumed that all free quinone is correspondingly removed, 
only that which is firmly bound to the collagen itself being left behind. 
After being pressed, the collagen material ^Yas carefully dried in an electric 
oven at 105° to constant weight. The increase in weight over that of the 
oven-dried native collagen material was taken as the amount of quinone 
fixation. Another series of experiments was made xmder similar conditions 



REACTION pH 

Fig. 1. Showing quinone fixation by collagen, time and pH varied 


but in this case collagen strips were used, since strips are necessary for the 
determination of shrinkage temperature. The data obtained are showm in 
Figs. 1 to 4. 

Fig. 1 shows the quinone fixation by collagen over the pH range 3.0 to 
9.5 and for periods ranging from 24 hours to 3 weeks. These data indicate 
the following trends: (1) there is a maximum fixation, occurring at pH 7.0 
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for the 24 hour cun^e and shifting to a pH of 5.1 for the 3 weeks curve; (2) 
the amount of quinone fixation at this maximum value increases %vith time; 
(3) at pH values greater than 7.0 the period of reaction makes little differ- 
ence, the various cur\"es merging with each other; and (4) no characteristic 
minimum point is evident at pH 7.5 as found by Stecker and Highberger. 

Fig. 2 sliows the data obtained over a comparatively narrow pH range 
but for quinone concentrations varjdng from 0.1 to 1.75 per cent and for a 
48 hour inten’^al. These obsen^ations suggest that the quinone concentra- 
tions play an important r61e and that the quinone fixation by collagen is a 
function of this concentration. The curves given in Fig. 2 show a decided 
shift of maximum fixation values to a more acid zone as the quinone con- 
centration is increased. 

Fig. 3 gives data relative to the shrinkage temperature of collagen treated 
with a 1 per cent quinone solution. These data show strikingly: (1) the 
maximum shrinkage temperature occurs at pH 7.0 when a 1 day period of 
reaction obtains, and (2) with increasing periods of reaction this maximum 
value for shrinkage temperature changes from a sharp and striking point 
to one of a rather broad plateau. 

Fig. 4 gives data relative to the thermolabiiity of collagen treated with 
quinone solutions var 5 "ing in concentration from 0.1 to 1.75 per cent and for 
a 48 hour period of reaction. The obsen’-ations indicate that at the pH of 
maximum shrinkage temperature, quinone concentration plays but a small 
role. However, in the more acid zone, quinone concentrations less than 
0.5 per cent appear to lessen the hydrothermal stability of the coUagen- 
quinone compound. At concentrations greater than 0.5 per cent little 
difference in this value is noted in the pH range 5.8 to 7.5. 

DISCUSSION 

Stecker and Highberger used a technique similar to that originally used 
by Thomas and Kelly. This technique was as follows. After the collagen- 
quinone reaction bad reached,equilibrium, the treated collagen material was 
washed thoroughly and until the wash water gave no further positive test 
for quinone with an acid-KI test solution. The washed material was then 
oven-dried and the increase in weight over that of the untreated collagen 
material was taken as fixed quinone. Wilson and Kem (13) devised this 
method in 1920 and used it for the estimation of “tamims*' in vegetable 
tanning liquors. There was considerable criticism (4) of the method and no 
wide use of it was ever made. However, parts of the method and modifica- 
tions of it can yield valuable results. It must be remembered that most 
reagents combine with proteins in a semireversible manner and that wash- 
ing will remove part of that reagent which has fixed itself Vidth the protein. 
The writer believes that Stecker and Highberger measured (1) the quinone 
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which was firmly and irreversibly bound to the protein and (2) the polymer- 
ized quinone w’hich was insoluble in the w^ash water. In the present work, 
a pressmg technique was employed rather than a washing, with a pressure of 



REACTION pH 

5'ig. 3. Showing thermolability of quinone-treated collagen as a function of time 
aiid hydrogen ion concentration. 

10,000 pounds per sq. in., under the assumption that such pressure removed 
only the quinone that was in no way bound or held by the collagen. With 
the technique of Thomas and KeUy, Stecker and Highberger found a dis- 
tinct minimum value for quinone fixation at pH 7.5 when phosphate buffer 
systems were used. They found no such value in borate buffer systems. 
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This difference is due, they beliex'-e, to tlie quinonc poljTner not beingfonned 
in tl\e latter case and to the difference in oxidative processes occuriingin the 
two systems. 

The data, given in the present investigation appear not to agree with that 
obtained by Stecker and Highbergcr and by Thomas and Kelly, in that no 
distinctive minimum value for quinone fixation was found. This appeared 
to be true regardless of the buffer system employed. The writer believes 
that the quinone monomer does not react readily with the collagen but that 
this monomer penetrates rapidly into the collagen, and thence through ori- 
dation and subsequent polymerization real and ])ositive fixation occurs. la 
the acid zone, oxidation and polymerization occur slowly and as a conse- 
quence quinone fixation is slow. Tiiat this postulation may be true is 
emdent from a study of Figs. 1 and 2. These data strikingly .‘?how that in 



EquiliUriiiEi pH 

Fio. 4. SUo^ving effect of quinonc concentration upon thermol ability 

he acid zone many days are required for real and posith'e quinone fixatiofl, 
^hile at pH 7.0 fixation occum uithin a very short time. In addition the 
alue for maximum quinone fixation shifts continuously to the more acid 
one with increasing time of reaction, thus strengthening the inf exence that 
oxidation and polymerization of the quinone monomer, held Avithin the 
collagen, are the real cause of the high fixation values noted in this zone. 
At pH values greater than 7.0, oxidation and polymerization occur rapidly 
with the result that the larger polymeric molecules do not even penetrate 
the collagen material and as an end-result fixation of the quinone polymer 
drastically decreases. As a further substantiation, the data given in Fig* 
1 show that regardless of the period of reaction quinone fixation is, to alt 
intents and purposes, the same at pH values greater than 7.5. Borate 
buffer systems and pure aqueous systems show approximately the same 
end-result. 
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In another manner. Fig, 3 substantiates the conclusions outlined in the 
preceding 'paragraph. These data show that a maximum shrinkage tem- 
perature value is attained at pH 7.0 for the 24 hour reaction period, while 
for the 1 week period a broad plateau maximum results in the zone pH 5,5 to 
7.0. These data again suggest that the longer period of contact in the more 
acid zone allows rapid penetration of the quinone monomer with subsequent 
slow oxidation, pohnnerization, and fixation of the pcljuner. Theis and 
Esteriy (7) have defined the ^ ^shrink temperstare^^ as the point at which the 
increasing disruptive tendencies exceed the diminishing cohesive forces; 
and thus the “shrinkage temperature” is adtuall}” a measure of the structural 
strength of the collagen expressed in arbitrar}- tinits. Collagen in the moist 
state shows a shrinkage temperature of approximately 5S° over the pH range 
5.0 to 8.5. Collagen treated with quinone solutions has a shrinkage tem- 
perature ranging from 58° at pH 4.0 to 76.5° at pH 7,0, and thus it may be 
stated that quinone fixation "with collagen definitely increases the structural 
strength of the collagen. 
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collagen-quinone reaction, I 


In the early part of this paper, reactions of quinone with aromatic amines 
were discussed. If this same line of reasoning is applied to the reaction 
of 2 >-benzoquinonc ^\lth collagen, Formulas I and II result. Thus the in- 
creased structural strength of the collagen after combination udth quinone 
might be stated to be due to the bonding between polypeptide chains by 
means of tlie reaction of the reactive centers of quinone ^vith amino groups in 
juxtaposition in some such manner as pictured above. That both reactions 
take place can be proved by treating the freshly prepared collagen-quinone 
compound with a solution of acid potassium iodide, by which treatment free 
odine is formal. The aged collagen-quinone compound gives only a trace 
of iodine upon such treatment. 

Fig. 2 would appear to indicate tliat the quin one-collagen reaction is of 
two types; the one very rapid and attaining maximum fixation at approxi- 
mately pH 7.0, and the other a slow oxidation and poljnnerization with 
subsequent increased fixation and structural stability over a much wider pH 
zone» A close study of Figs. 3 and 4 will demonstrate more fully the two 
types of reaction taking place. A comparison of data given in Figs. 2 and 
4 shows in a very striking manner that the amount of quinone fixed plays 
only a small rdle in giving to the collagen increased structural stability. A 
0.1 per cent quinone solution at pH 7.3 shows some 6.0 per cent quinone 
fixation, but gives to the collagen a shrinkage temperature of 77® wdth a 48 
hour reaction period. On the other hand a 1.0 per cent quinone solution 
under like conditions gives some 42 per cent quinone fixation, but the 
'shrinkage temperature remains essential!}’’ the same. 

Undoubtedly the pH zone in and around 7.0 is a critical one for collagen. 
In this zone zero acid and base fixation occur (8), It is also in this zone 
that the second point of minimum swelling obtains. It would therefore be 
reasonable to expect that quinone fixation in this zone would be most 
easily reversed by washing. It would seem probable that the results ob- 
tained by Thomas and Kelly and by Stecker and Highbeiger do notrepm- 
sent the total fixation of quinone by collagen but only tliat of the quinone 
firmly and irreversibly bound. 


SUSfMARY 

The collagen-quinone reaction has been investigated relative to the effect 
of pH upon quinone fixation and thennolability. The investigations 
herein described show the following: (1) the reaction is a 2-fold one, in that 
the initial reaction is rapid wlnle the second requires time for oxidation, 
polymerization, and fixation ; (2) the amoimt of quinone fixation is no cn 
non of structural stability; (3) quinone fixation is a function of the concen- 
tration and the reaction pH; (4) maximum quinone fixation is a function o 
the pH and of the period of reaction; (5) oxidation and polymerization o 
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the quinone within the collagen are of real importance in the estimation of 
fixation in the acid zone; (6) a possible reaction mechanism is suggested; 
and (7) greater fixation of quinone than noted by Stacker and Highberger 
is indicated and is undoubtedly due to the difference in technique employed. 
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ir. THE BREAKDO\^^C OF CARBOXVL-LABELED BUTlTirC ACID BY 

LIVER TISSUE 
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In a prenous communication (1) it was shown that the presence of 
excess in acetoacetic acid, formed from the breakdowm of n-octanoic 
acid containing isotopic carbon in the carboxyl group, was inconsistent ^^dth 
the classical /3 oxidation theoiy. The observed equal distribution of the 
excess between the carboxyl and carbonyl carbon atoms also precluded 
the possibility^ of multiple alternate oxidation. The results indicated that 
a breakdown to a 2-carbon unit occurs, ^\ith subsequent random conden- 
sation to the ketone bodies, as shoum in the following equation, 

(1) C^HuC^OOH 4 CHjCi=OOH 2CH3C“OCH:C»OOH 

However, the data did not rule out an alternate mechanism; namely, that 
disiuption of the fatty acid chain into 2-carbon units may proceed only to 
the butyric acid stage, the latter being oxidized to acetoacetic acid without 
fission of a carbon-to-carbon linkage (Equation 2). 

(2) CjHiiC^OOH ^ CH 3 CH 2 CH 2 COOH + 2CH3C‘'00H 

i i 

CHsCOCHtCOOH CHaC'^OCHaC^OOH 

To determine to w'hat extent butyrate is transformed to acetoacetate by 
fission and recombination, and to w^hat extent by direct /3 oxidation, 
experiments were performed in which n-butyric acid labeled with in 
the carboxyl group w^as employed as a substrate. 

EXPERIMENTAL 

PTeparation of Carhoxylr Labeled n-Butyric Aczd^The carboj^yl-labeled 
w-butyiric acid was prepared by the same method employed for the prepa- 
ration of carboxyl-labeled n-octanoic acid, described previously (1). It 
contained 2.10 per cent corresponding to an excess content of 4.24 
per Cent in the carboxyl carbon. 

Incuhaiion with Ldver Slices — The techniques employed were essentially 
the same as those described in the previous paper (1), except that the 
capacity of the system was doubled by performing the reaction in two 125 ml. 
Warburg type flasks connected by a T-tube to a single gas burette. Each 
flask contained 1.25 gm. of liver slices immersed in 30 ml. of approximately 
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0.01 M solution of the fatty acid in the medium preidously described (!)• 
At the end of the 2 hour incubation period, the alkali-soaked filter papers 
were removed and the contents of the flask combined and centrifuged. The 
vessels and tissues were rinsed with dilute NaOH solution, followed by two 
successive rinsings with small amovmts of water. The supernatant liquid 
and washings were pooled. 

The diluted medium w'as divided into two portions. Half was used for 
isolation of the acetone-mercury complexes and for the collection of COj 
evolved during the decomposition of the ketone bodies as pre\dously de- 
scribed (1). After removal of the ketone bodies, the volatile substances 
were distilled inth steam, and an aliquot portion of the residue was oxidized 

Tahle I 


Disirihutton of in Producis of Incubation of CarhoxyULahelcd Butyric Acid 

Liver Slices* 

Time, 2 hours; temperature, 37.5®; Oj; pH, 7.3. 



Expenment 1 

Experimtnt I 

1 

mu 

C>* per cent 

nv 

O* per 

Acid utilized 

0.192 

2.10 

0.155 

2.10 

Acctoacetic acid, acetone 1 

0.093 

1.42 

0.0S76 

1.33 

“ " carboxyl | 

0.103 

2.83 1 

0.1213 , 

2.92 

H 3 ’’droxybut 5 Tic acid, acetone | 

0.0G3 

1.24 ’ 

0.0119 

1.27 

“ " carboxyl 


1.32 

0.290 

1.15 

Respiratory COj 

0.239 

1.50 

0.197 

1.45 

Neutral volatile substances 



0.05(M 

1.37 

other than acetone 


1 



Non-volfttilc material 


i 

1 

0.710 

^ 1.15 

Fat-free tissue 


' 1.07 

404 mg. 

' I.Ol 

Tissue lipids 


1 


1.05 


♦ The C'* content is expressed as atoms per cent C**, from the equation, per 
cent C** = (moles C“/moles C** 4- moles C**) X 100. 


by the procedure of Osbum and Werkman (2) (carried out only in Expen- 
ment 2), The CO 2 obtained was analyzed for The second half of the 
medium was steam-distilled directly and the Duclaux constants lOf the 
volatile acid determined according to the procedure of Friedemann (3). 
In Experiment 2, the neutral, volatile substances were separated from the 
volatile acid by distillation of the neutralized solution. The acids (as me 
sodium salts) were oxidized and the C'® content of the CO5 determined. 
The acetone contained in the volatile fraction was precipitated with mercu- 
ric sulfate and oxidized to CO2. The filtrate, representing the 
non-acetone fraction, was oxidized (4) and the CO 2 analyzed for its U 
content. 
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A portion of the liver slices was extracted with alcohol and ether and 
analyses carried out on aliquots of the lipid extract and the fatr-free 
tissue. The remaining slices were macerated and steam-distilled for 
recovery of any acid which may have been adsorbed. None was found, 
however. 

Results 

The results of two experiments, in w^hich carboxyl-labeled n-butyric acid 
w^as incubated for 2 hours with liver slices from rats fasted for 24 hours, 
are recorded in Table I. Of the 0.376 and 0.479 mM of butyric acid 
employed in the respective experiments, 0.189 and 0.324 mM were re- 
covered, corresponding to a utilization of 51 and 32 per cent of the original 
substrate. 

Respiratory COz — ^The respiratory CO 2 contained 1.50 and 1.45 per cent 
representing excesses of 0.46 and 0.41 per cent respectively. Since the 
butyric acid contained an excess of (2.10 — 1.04), or 1.06 per cent, the 
fraction of the respiratory CO 2 derived by complete oxidation of the 
substrate w^as 0.46 X 100/1.06 and 0.41 X 100/1.06 respectively, or 42 
and 39 per cent of the total respiratory CO 2 . 

Acetoacetic Acid— In Experiment 1, the acetone derived by breakdown of 
the acetoacetic acid contained 1.42 per cent representing an excess of 
0.38 X 3 = 1.14 per cent in the carbonyl carbon. The CO 2 derived from 
the carboxyl carbon contained 2.83 per cent C'*, an excess of 1.79 per cent. 
In Experiment 2 the excess contents of the carbonyl and carboxyl 
carbons w^ere 0.87 and 1.88 per cent respectively. ^ ^ . 

As a check on the specificity of the acetone precipitation procedure, m 
Experiment 2 a portion of the acetone was freed from non-volatile ^b- 
stances and volatile acids as described in the experimental part. e 
mercury complex obtained from this neutral volatile fraction was t e same 
in quantity and content (1.31 per cent) as that obtained by t e irec 

precipitation procedure. . , 

P-Hydroxyhutyric Add — ^The acetone obtained by 0 x 1 a o 
/3-hydroxybutyrate in Experiment 1 contained 1.24 per cent , repre 
senting an excess content of 0.20 X 3 = 0.60 per cent in t e ^^ar on 
atom. In Experiment 2 the corresponding value was 0.23 X 3 - U.bU 

per cent. . , , , 

The values recorded in Table I for the content of the CO 2 o tame > 
oxidation of hydroxybutyrate do not represent the true ya ues or 
carboxyl carbon of hydroxybutyrate, since the CO 2 from t s 
dUuted by CO 2 from other substances present in the medium, ims is 
clearly shown in Experiment 2, in which oxidation ^ 

yielded 0.042 mM of acetone as compared wdth 0.290 mM of C 2 * > 
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the absolute quantity-of in this CO 2 fraction, 0.290 X (L15 — 1.04)/100 
= 3.2 X 10“* mM, is approximatolj’' equal to the absolute amount of C** in 
the acetone fraction, 0.042 X 3 (1.27 — 1.04)/100 = 2.9 X 10-^ mM. 
This indicates that the medium contained no appreciable amounts of 
easil 3 ’’ oxidizable substances containing excess other than hydrox^^bu- 
tyric acid. 

Recovery of C“ — The percentage of represented b 3 ’‘ the butj^ric acid 
utilized, appearing in the various fractions, is given in Table II. In 
Experiment I onl^^ 60.9 per cent of the total vas accounted for as ketone 
bodies and respirator}' CO 2 . In Experiment 2, therefore, we carried out 
determinations on the carbon contained in the non-volatile and volatile 
neutral fractions, obtained as described in the experimental part. These 
fractions accounted for 13.8 and 5.8 per cent, respective!}', of the total 
utilized C*’. Their nature is as \''et unkno^\^l. The total accounted foi' 


Table II 

Percentage of (7“ Utilized Butyric Acid A-ppcaring in Fractions Isolated from 
Inciihaiion of Carboxyl-Lahcled Butyric Acid ioith Liver Slices 



Experiment t 

Experiment 2 

Acetoacetic acid I 

35,7 1 

45.S 

HydroxybutjTic acid 

11.7 

9.3 

Respiratory CO 2 

13,5 

12.3 

Neutral volatile substances other than acetone 

* 

o.S 

’ Non-volatile material 

* 

13. S 

Tissue constituents 1 

0 

0 

Total accounted for 

C 0.9 

87.0 


* Not determined. 


in this experiment was 87.0 per cent. The tissue constituents contained no 
perceptible excess of C^^ a result to be expected, considering the small 
quantities of excess which may iiave been present in the relatively large 
mass of tissue carbon. 


DISCUSSION 

Mcchajiisin of Ketone Body Formation from Butyric Acid — Two media* 
nisms may be considered for the formation of ketone bodies from butyric 
acid : direct oxidation of the /9-carbon atom 'vrithout disruption of the mole- 
cules, and p oxidation to 2-carbon intermediates, followed by condensation 
to ketone bodies. With carboxyl -labeled but 5 Tic acid, the two reactions 
lead to different distributions of the excess isotope in the acetoacetic acid, 
as indicated in Equations 3 and 4. 

P) CH,CH,CHiC»K)OH CH,COCH,C»OOH 

(4) CH,CH,CHjC»OOH 2CH,C»OOH CH,C»OCHiC»OOH 
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In Experiment 1 the carbonyl carbon had an excess content of 1.14 
atom per cent and the carboxyl carbon 1.79 atom per cent, a total of 2.93 
moles per cent. Before the quantitative significance of these values is 
discussed, several reasonable assumptions must be made. The first is 
that the difference between the content of the original butyric acid and 
the acetoacetic acid is a measure of the dilution of acetoacetate arising from 
the substrate by non-isotopic acetoacetate from the tissue constituents. 
For example, in Experiment 1 the acetoacetate contained 2.93 moles per 
cent C** excess, whereas the substrate contained 4.24 moles per cent excess. 
Hence, 2.93 X 100/4,24 = 69 per cent of the acetoacetate was derived from 
the substrate and 31 per cent came from the tissue. Similarly derived, the 
corresponding values in Experiment 2 were 65 and 35 per cent. The 
second assumption is that, regardless of the mechanisms by which butyric 
acid is transformed to acetoacetic acid, the total excess content of the 
latter would be the same. This follows from the fact that the reaction does 
not involve a net gain or loss of carbon. Thus, if the reaction proceeded by 
direct oxidation without fission, the acetoacetate would contain 2.93 moles 
per cent excess, exclusively in the carboxyl carbon. If the reaction 
proceeded entirely by fission and coupling, the acetoacetate would again 
contain 2.93 moles per cent excess but it would be divided equally 
between the carbonyl and carboxyl carbons, each containing 1.465 atom 
per cent excess. 

It follows, therefore, that in the formation of acetoacetate from butyrate 
the percentage arising by fission and coupling would be 


2 X carbonyl excess X 100 
Total acetoacetate C“ excees 


2 X 1.14 X 100 


Similarly, the percentage of the acetoacetate arising from butyrate by 
direct oxidation would be 

(Total acetoacetate excess — 2 X carbonyl excess) X 100 _ 

Total acetoacetate excess 

2.93 - (2 X 1.14) X 100 ^ 

2.93 


The corresponding values, similarly derived, for Experiment 2 are 64 
per cent by fission and coupling and 36 per cent by direct oxidation. 

The fact that acetoacetic acid formed in these experiments arises partly 
by direct oxidation of the j0-carbon atom, and partly by breakdown into 
smaller fragments followed b}^ recombination, does not necessarily signify 
two separate oxidation pathways for butyric acid. It is possible that the 
first step is the formation of acetoacetic acid, which may be in equilibrium 
i\ith the 2-carbon intermediary, as indicated in Equation 5. 

(5) CHaCHaCHjCOOH CHaCOCH.COOH 2CHaCOOH 
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This concept is supported by Lehninger's (5) finding of an enzymatic 
breakdowTi of acetoacetic to acetic acid in muscle and bacteria. If such 
an interconversion occurs, it cannot be very rapid; othenvise both tj^pes 
of acetoacetic acid could not have been demonstrated. 

Comparison of Acid Before and After Incubation-^Tha Duclaux constants 
of the volatile fatty acid fraction after incubation with the liver slices were 
identical with those of the original carboxyl-labeled butyric acid; hence 
small amounts, if any, of other volatile acids were present. The excess D* 
contents of the original substrate and of the volatile acid isolated after 
incubation were also identical, the respective values being 1,06 and 1.07 
atom per cent excess, from which wc can conclude that the substrate was 
not diluted by butyric acid aiising by oxidation of tissue fatty acids. How- 
ever, evidence that such oxidation occurred during these experiments is 
deduced from the following considerations. In Experiment 1, the excess 
content of the acetoacetic acid was (1,14 + 1,79) = 2.93 moles per 
cent, and in Experiment 2 (0.87 + 1.88) “ 2.75 moles per cent, whereas the 
ori^al butyric acid had an excess C*’ content of 4.24 moles per cent. 
Therefore, of the total acetoacetic acid, 2.93 X 100/4.24 = 69 per cent 
and 2.75 X 100/4.24 = 65 per cent, respectively, were derived from the 
substrate, and 31 and 35 pet cent by oxidation of tissue fattj’' acids. 
Clearly, butjric acid either is not an intermediate in the breakdown of 
•pse tissue constituents, or, if formed, is further metabolized without mixing 
. ^ the isotopic butyric acid employed as substrate. 

^OlhcT Possible Oxidation Pathways of Butyric Acid — Of the total respi- 
atorA^ CO 2 with a content of 1.50 and 1.45 per cent, respectively, 
he amount derived b}’' oxidation of butjric acid was (1.50 — 1-04) 
< 0.239/1.06 = 0.104 xmi in Experiment l,.and (1.45 — 1.04) X 0.199/ 
.06 = 0.076 mM in Experiment 2. This CO 2 may arise by subsequent 
breakdown of acetoacetic acid or bj^ some other oxidative pathway of 
but 3 Tate as yet undetermined. Cohen and Stark (6) obsennd, in liver 
slices from fasted rats, a breakdoAAn rate for acetoacetate of 0-80 microliter 
per mg. of dry tissue per hour. If the w’et weight is assumed to be 5 times 
that of the dry weight, this value is equivalent to (0.80 X 2500 X 2)/ (5 X 
22,400) = 0.036 him per 2.5 gm. of wet tissue per 2 hours. If w'e assume 
further that all of the utilized acetoacetate W’as converted to CO 2 , 0.036 X 
4 = 0.144 mM of CO 2 w’ould be expected. Since this figure is larger thjm 
the observed values of 0.104 and 0.076 mM of CO 2 derived from Ti-butjric 
acid in the respective experiments, it is clear that all of the excess ap- 
pearing in the respirator^’' CO 2 may be accounted for b}" breakdown of 
ketone bodies. 

That butyric acid may be metabolized, to a small degree, bj’' some other 
reaction is indicated by the presence of 13.8 per cent of the utilized C** m 
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the residual, nou-volattle, carbon-containing material remaining after 
removal of the ketone bodies and volatile acids^ The composition of this 
fraction is being studied. A small portion (5.8 per cent) of the utilized 
was found in the volatile neutral fraction after the acetone had been 
removed. But in view of the small quantities of carbon involved (0.05 
mM), associated %vith a large error in the determination, the significance 
of this finding is questionable. 


SUMMARY 

A study of the breakdown of carboxyl-labeled but 3 oric acid by liver 
tissue indicates that this substance is converted to ketone bodies mainly by 
fission into 2-carbon chains with subsequent recombination, and to a lesser 
extent by direct /5 oxidation. 

The butyric acid isolated at the close of the experiment was not diluted by 
butyric acid from other sources. 

All of the excess of the respiratory CO 2 can be accounted for as the 
result of the breakdown of ketone bodies, and does not necessarily represent 
a different oxidation pathway in the breakdown of butyric acid. 

We wish to express our thanks to Dr. H. C. Urey of Columbia University 
and to the Houdry Laboratories of the Catalytic Development Corporation 
for their cooperation in this work. ^ 
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ISOLATION OF LYSOZYME FROM EGG WHITE 
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In 1922 Fleming (1) applied the term lysozyme to a bacteriolytic agent ’ 
found in the tissues of a number of species of animals. The highest concen- 
tration of the agent has been found in hen’s egg white which, in a dilution 
of about 1:600,000, has the power to dissolve a thick suspension of test 
organism. 

Previous chemical work has been concerned only with the active principle 
from egg white. Available evidence, contributed mainly by Abraham (2), 
indicates that lysozyme is a basic protein %rith a molecular weight near 
18,000. Abraham reported that it is stable when heated in acid solution 
but very heat-labile in alkali. Acetone, ether, and alcohol precipitate the 
active material from aqueous solution ^Yithout destroying it. This latter 
property is the basis of the methods of preparation devised by Roberts (3) 
and Meyer et qL (4). In these methods the initial purification is obtained 

rendering most of the egg \vhite proteins insoluble by selective acetone 
denaturation at the alkaline reaction of native egg white^ In the method of 
Meyer al, (4) the precipitated proteins are first extracted with a mixture of 
alcohol and aqueous acetic acid. This step is follow^ed by concentration of 
the extract under a vacuum, precipitation with alcohol, solution of the 
precipitate, and isoelectric precipitation of inactive protein with sulfuric 
acid. The lysozyme is then precipitated by fiavianic acid. Repeated 
extraction of the dye-lysozyme complex with alcoholic ammonia liberates 
the active portion of the complex. The insoluble residue containing 
b’sozyme is freed from ammonia by 'washing with alcohol and ether, fol- 
lowed by drying under a vacuum. 

Investigations dealing with the therapeutic usefulness of lysoz3ane have 
been reported by Russian workei’s (5) . They report favorable I'esults from 
treatment of ulcers of the eye, postoperative infections, bums, infected 
Wounds, and sinus infections. It appears, therefore, that lysozyme might 
hnd wide application if sufficient material could be made available in 
purified form. The present communication reports the results of work 
which was initiated for the purpose of developing a method for the prep- 
aration of large quantities of lysozyme. The method reported here makes 
possible the recovery of lysozyme from egg white in high yield, and the 

** Bureau of Agricultural and Industrial Chemistry, Agricultural Research Ad- 
^mistration, United States Department of Agriculture. 
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product appears to be essentially pure. In addition, the product has been 
obtained in apparently pure crystalline fonn. 

EXFEIUMEKTAL 

Purification of Lysozyme hy Sail Fraclionaiion — ^Attempts were made t( 
purify lysoz^Tiie by fractionating the egg white with ammonium sulfate, bui 
with indifferent success. The characteristic of l^'so^Tne that militated 
against salt fractionation was its adsorption in vaiyung degrees on inactive 
protein precipitates. The effect of pH on the ammonium sulfate pre- 
cipitation was investigated but failed to reveal conditions that would 
prevent adsorption of Ij’sozymc. Likewise, dial 3 "sis a^inst buffers of 
different strength and hj’^drogen ion concentration did not prevent adsorp- 
tion. ^ By repeated solution and reprecipitation of euglobulin fractions 
containing adsorbed lysozjme, preparations ^vith an activity 25 to 30 
times of egg white, on the dry weight basis, were obtained in low 

Purification of Lysozyme by Adsorption and Elution Methods — Fleniing 
(1) reported that lysozjme is readilj’' adsorbed on charcoal, cellulose, and 
porcelain, and subsequent studies have diowm that l 3 'S 023 Tne* is adsorbed 
tenaciously on many substances. Wolff (7) found that noiit, kaolin, 
silicic acid, and filter paper adsorb the active material. He was unable, 
however, to effect elution from kaolin or charcoal, irrespective of pH. fa 
studies on tire purification of l3’^soz3’inc, the Russian investigators, Buya- 
novska 3 ’^a and Jermol'cva (5), attempted to make use of the read}' ad- 
sorbabilit}’' of l3'50Z3ine on cla}'. At pH values ranging from 5.5 to 9.0, 
Iysoz 3 Tne W'as adsorbed on kaolin suspended in buffer solutions, including 
phosphates, gl3xocholates, acetates, and dilute ammonia solutions. Treat- 
ment of the kaolin'-l3^soz3Tne complex with various buffer solutions ranging 
from pH 4.5 to 14 did not elute the active material. Attempts to separate 
the positivel}’' charged B^sozyme from tire negatively charged cla}' particles 
by cataphoresis W'ere unsuccessful. 

We investigated tire capacity of several adsorbing materials to bind 
lysozyme. Among these w'ere bentonite (a very’' fine!}' divided luont- 

^ ^ While this preparation was not investigated further, comparison of its actmb 
with that of crystalline l 3 ’soz 3 Tne obtained later showed that it was of high purity. 
The method of Boasson (6) was used for assa}” purposes. By this method the r^teo 
lysis of a suspension of killed ilftcrococcus lifsodcikltctt:s organisms is measured ^ 
indicated by the rate of change of light transmission recorded b\' a photoelectric 
colorimeter. Under standardized conditions a given change in galvanometer rca 
over a certain time interval corresponds to a definite amount of Ij'tic agent- a 
lysozyme unit is defined as the amount of b^sozyune in 1 ml. of a standard sampk o 
liquid egg white. However, the amount of lysozynne in fresh egg wHte bus 
found to be very constant; so the unit might be stated to be the amount presen J 
1 ml. of fresh egg white. As routinely’ carried out in our work the method was re is 
to approximately” 16 per cent. 
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morillonite clay), Supersorb (a synthetic zeolite), Panther Creek bentonite, 
Duolitc (a synthetic resinous cation exchanger). Of the substances 
investigated, bentonite was found to be the most efficient adsorbent for 
lysoz 3 mie from native egg white. 1 gm. of the material removed the active 
substance from 80 to 100 cc. of egg white. Table I gives the data from a 
number of representative experiments. 

We have confirmed the results of previous workers in that we were 
unable to elute the lysozyme with aqueous inorganic buffer solutions. 
Potassium chloride solution and 6 u urea solution likewise did not remove 
any active material. Since organic bases are known to be strongly adsorbed 
by montmorillonite clays, solutions of o-phenylenediamine and p-pheny- 
lenediamine were tried but the amines were adsorbed on the clay without 
eluting lysozyme. However, a mixture of 20 per cent pyridine in 2 per 


Table I 


Adsorpiton of Lysozyme by Bentonite 


Volume of egg 
'white 

1 1 

Lysozyme 

Bentonite per liter 
egg white 

Lysozyme adsorbed 

m/. 

total units 

gm. 

units 

j^er cent 

500 

600 1 

10 1 

480 

96 

2000 

1850 

10 

1600 

87 

1200 

1200 

10 

1190 

99 

2000 

2000 

15 

1980 

99 

2000 

2000 

! 12.6 

1700 

85 

3000 

3000 

15 

2900 

97 

2000 

1900 

15 

1850 

97 

2000 

2000 

15 

1950 

97 


cent aqueous acetic acid did elute about 30 per cent of the adsorbed activ- 
ity. The pH of this solution, as determined by a glass electrode, was 6.0. 

Investigation of the effect of pH on the elution of lysoz 3 nne by pyridine 
solutions proved that it could be eluted very efficiently at the proper pH, 
In these experiments acetic acid was replaced by sulfuric acid in order to 
extend the pH range. Aliquots of a suspension of clay on which lysozyme 
had been adsorbed were stirred with pyridine-sulfuric acid solutions at 
various pH values. The eluates were removed from the clay and assayed 
for lytic activity. 

The elution of lysozyme was found to be specific with regard to the pH of 
^e eiutmg solution (Fig. 1). When the pH is lowered, removal of the 
active material begins at pH 6.2, lises sharply to a maximum at pH 5.0, 
and falls off to zero at pH 3 .0. Appreciable amounts of inactive protein are 
oluted by pyridine or pyridine-sulfuric acid solutions at pH values above 
6.2, thereby effecting a marked purification of the adsorbed bactericide. 
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Based on the facts reported above, the following method was devised for 
separating lysozyme from other egg white proteins. To each liter of egg 
white are added 150 ml. of a 10 per cent suspension of bentonite in 1 per cent 
KCband the mixture is stirred vigorously (foaming being avoided) for 
3 to 5 minutes. The claj^ is .separated from the suspension in a Sharpies 
centrifuge and washed vith 0,5 m phosphate buffer at pH 7.5 to remove 
egg white mechanicall}'’ held in the clay mass. The clay is next washed 
three times with 300 ml. .(total 900 ml.) of a 5 per cent aqueous solution of 
pjTidine to remove inactive adsorbed proteins. Elution of Ij-sozyme is 
then accomplished by washing the clay twice, each time with 300 ml. of a 
5 per cent aqueous solution of pyridine, which has been adjusted to pH 5.0 
(glass electrode) by the addition of sulfuric acid. Removal of the eluates 



Fig. 1. Effect of pH on elution of lysozyme from bentonite 

from the clviy is accomplished by centrifuging in a batch type centrifuge. 
For best results elution should follow adsorption vithin 24 hours. 

Typical data on distribution of protein solids, yield of b^’sezyme, and 
activity of the preparations obtained are given in Table II, These data 
show that as high as 90 per cent of the lysozyme present in egg white can be 
obtained by this process in a concentration of 35 to 40 times that of the 
original egg white solids. The activity of the material is constant from one 
preparation to another within the limits of error of the assay metho . 

. Concentration of the active material contained in the eluates at pH 5. 
may be accomplished in a number of ways. Addition of ammonium 
sulfate to a concentration of 2.6 m precipitates the active substance, whic 
may be collected by centrifugation or filtration. The precipitate reaemy 
dissolves in distilled water and the solution may be freed from salt by ^ 
ysis. Drying the solution in the frozen state gives a white solid, of e 
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activity indicated, which remains stable at room temperatures for several 
months. Concentration can be effected also by precipitation with. 75 per 
cent alcohol or acetone, preferably in the cold, followed by dialysis. 

We have found it more convenient to prepare the dry lysozyme powder 
in the following manner. The active eluates are placed in cellophane bags 
and dialyzed against nmning tap water until no odor of pyridine remains. 
The dialysis is then completed against running distilled water for 24 hours. 
The solute, after being dried from the frozen state, is a light, fluffy, stable 
powder. 

Fractionation of Purified Lysozyme voith Ammonium Sulfate — In an 
attempt to purify the active material further, two 1 per cent solutions of the 


Table II 

Elution of Lysozyme from Bentonite Clay* 


Eluant 

Ex pertinent 
No. 

Eluted protein 
solids r«r unit 
adsorbed lyso- 
zyme 

Elution 

Units per 
protein solids 



gm. 

per cent 


Phosphate buffer eluates, pH 7-8 

1 

0.0(M6 




2 

0.0055 

<2 

10 


3 

0.0047 




4 

0.0033 



Alkaline pyridine eluates, pH 

1 

0.0014 



7-8 

2 

0.0018 

<2 

10 


1 3 

0.0020 




4 

0.0017 



Pyridine-sulfuric acid eluates, 

1 

0.0033 

i 93 

285 

pH 5 

1 2 

0.0027 

1 93 

320 


3 

0.0027 

89 

330 


4 

1 0.0032 

95 

300 


* Egg white contains 0.1 to 0.12 gm. of protein solids per ml. and 8 to 10 lysozyme 
units per gm. of protein. 


eluted lysozyme in distilled water, adjusted to pH 5 and 7, were fraction- 
ated with ammonium sulfate. The salt was added by dialysis through 
a rotating membrane (8) at 1°, and precipitates were removed at in- 
crements of 0.2 M ammonium sulfate concentration and the solids and 
activity determined on the precipitates and filtrates (Table III). No 
significant concentration of activity was observed in any of the fractions, 
the activity of each being essentially that of the starting material ^rithin 
the limits of the determinations. The least and the most soluble fractions 
appear to have less activity than the rest of the material but the amounts of 
solids in these fractions were so small that the accuracy of the analysis is 
questionable. It appears from these experiments that the preparations 
obtained on elution were grossly homogeneous. 
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Action of Enzymes on Lysozyme Preparaiion — It has been reported that 
lysozyme is not destroyed by proteolytic enzymes (5). Since it is non-dia- 
lyzable, it should be possible to remove digestible contaminating proteins by 
enzyme degradation followed by dialysis. Accordingly, 10 ml. portions of 
a lysozyme solution containing 8 units per ml. were digested for 24 hours at 
30® with bacterial proteinase (pH 7.4), mold proteinase (pH 7.4), tiypsin 
(pH 7.4), papain activated with cj^teine (pH G.O), and pepsin (pH 2.0). 
After the activity of each digest had been determined, each w‘as dialyzed 
against distilled water for 16 hours and the solids determined. The activ- 
ity per unit of undigestible material was then calculated,- 

No significant loss of actmty took place on digestion with any of the 
enzymes, with the exception of pepsin. Similarly no marked loss of 


Table III 


Ammonium Sulfate Fractionation of Lysozyme at pH S and 7 


(NH4)iS04 

concen- 

tration 

Fraction 

Assay* units 

Protein solids, 
pm. 

Units per gm. 
protein 


pirs 

pir 7 

pH 5 

pH 7 

pH 5 

pH 7 

molti per 

Starting material 

1C 

m 

3. 

.43 

3 

18 

1.4 

Ppt. 

45 

10 

0.18 

0.05 

250 

200 

1.4 

Filtrate 

980 

930 

3.18 

3.31 

308 

2SI 

1.6 

Ppt. 

316 

223 

1.24 

0.81 

255 

275 

1.6 

Filtrate 

505 

5S6 

1.63 

2.00 

310 

293 

1.8 

Ppt. 

i 245 

305 

0.78 

1.04 

3U 

1 293 

1.8 

I Filtrate 

246 

358 

0.93 

1.06 

265 

1 338 

2.0 

Ppt. 

125 

160 

0.41 

0.53 

305 

3(U 

2.0 

Filtrate 

141 

147 

0.40 

0.48 

352 

i 306 

2.4 

Ppt. 

83 

122 

0.28 

i 0.39 

296 

311 

2.4 

Filtrate 

20 

20 

0.20 

0.18 

100 

112 


material took place on dialysis after digestion except in the case of the 
pepsin-treated material. The calculated activity of the undigested ma- 
terial was in all cases not significantly different from the determined activity 
before digestion (Table IV). 

Two conclusions may be drawn from these experiments. Of the en 2 ynies 
used, only pepsin digests lysozyme at a rate measurable under the con- 
ditions of the experiment, and no proteins that are digested by the enzymes 
used, other than pepsin, were present in measurable quantities. Only 
small amounts of inactive, pepsin-digestible protein might be regarded as 

* Unfortunately the activity after dialysis was not determined, but since l 3 ^ozy^® 
does not pass through the membranes it appears pernussible to ascribe the actm y 
measured before dialysis to the undialyzable fraction. 
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having been present, since no increase in activity of the undigested naaterial 
was apparent. This conclusion is valid, however, only if the rate of 
digestion of the inactive material is greater than that for lysozyme. 

Since many proteins are sensitized to enzyme action by heat, experi- 
ments were carried out to determine whether the protein or proteins in the 
lysozjTne preparation could be thus sensitized and a differential digestion 
then be obtained. 


Table IV 

Hydrolysis’ 0} Lysozyme Preparation hy Proteolytic Enzymes 


Enryrac 

Assay i 

1 

Solids 

Destruction of 
activity 

j 

Activity 
of undigested 
material 

Starting material 

total units 

80 

$in, 

0.26 

ftr cent 

units per gm» 

305 

Bacterial proteinase 

72 

0.22 

10 

327 

Mold proteinase 

72 

0.22 

10 

327 

Trypsin | 

79 

0.24 

1 

322 

Pepsin 

35 

0.12 

56 

305 

Papain j 

74 

0.25 

7 

! 302 


Table V 

StaJnliiy of Lysozyme to Heat* 


Time 

Assay 

Loss 

Loss 

mitt. 

units 


Per cent 

0 

50.5 



5 

50.7 

0 

0 

10 i 

46 

4.5 

9 

15 

44 

6.5 

13 

25 1 

40 

10.5 

21 

60 j 

30 

20.5 

40 

80 

20.5 

30 

60 


• Heated in HCl (pH 3.0) at 96^ 


Lysozyme has been reported to be stable to heat in acid solution but 
very labile at alkaline reactions. Before proceeding with the digestion 
experiments, we determined the effect of heating alone on the activity of 
lysozyme. Lysozyme powder at pH 2.8 was chssolved in distilled water 
and heated on a steam bath at a temperature of 96°, and samples were 
removed for analysis at regular intervals. While the rate of destruction 
Was slow, a progressive decrease in activity was found wMch amounted to 
a 60 per cent loss after 80 minutes of heating (Table V). 

A l3r5ozyme solution similar to that used for the preceding experiment was 
heated until a destruc^tion of 40 per cent had taken place. The solution 
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was then treated the various enz 3 ’'mes in the same manner as described 
for the unheated material. The results are presented in Table Yl. Appar- 
entlj'' the rate of digestion by all the enz>anes had been markedl^^ accel- 
erated. After removal of the digested part by dialysis^ however, the 
activity of the undigested remainder was the same as that of the original 
unheated material wth one exception; that is, when papain was used. In 
this case the unit activity was reduced, wliich may mean that digestion 
of the material, inactivated by heat, was not complete or the products of 
digestion were not completely dial^’^zable. In no case was there an}' indi- 
cation of a differential digestion resulting in increased activity of the undi- 
gested active preparation. It is also evident from these experiments that 
some change in the lysozyme molecule is induced by heating which does 


Table VI 

Hydrolysis of Heat-Treated Lysozyme Preparations hy Proteolytic Enzymes* 


En2>Tiic 

Assay 

Solids 

Etirjnic 
deslruciion of 

acu\u>'t 

Activil) 
of undigfslw 


units 

mSm 

Per cent 

vnt/f p(r 

Starting material 

46 



293 

Heated material 

27 

BlH 

41 (By lieat) 

171 

Bacterial proteinase 

1 22.3 

1 o.os 

1 18 


Mold proteinase 

1 17.6 

0.06 

35 

293 

Trypsin 

9.1 

, 0.03 

, 66 


Pepsin 

0.2 

0.02 

99 


Papain 

16.5 

0.07 

39 

236 


* Heated in HCl (pH 3) at 98® for 90 minutes, 
t Calculated as per cent of activity after heating. 


not disrupt the structure necessai^' for lytic activity but which does sensi- 
tize the molecule to enzyme action. 

Elecirodialysis of Lysozyme Boluiions — Solutions of l 3 ^oz 3 Tne which had 
been dialyzed against distilled water ^Yere further freed from electrobd^ 
by electrodialysis. The elcctrodial^^is was carried out at 1° for approxi- 
mately 18 hours, or until no appreciable change in conductivity of the solu- 
tion took place. The pH, which was appioximately 7.0 at the beginning, 
had risen to approximately 9.5 at the end of the experiment, and some pre- 
cipitation of the solute took place. With adjustment of the olectrodialyzo 
solution to pH 10 to 10.5, hea\y precipitation resulted. At pH 11 resolu- 
tion of the precipitate was apparent, and was complete at approximate } 
pH. 11.5. At pH 10.8, which appeared to be the point of minimum so u- 
bility, 6 mg. per ml. remained in solution, whereas, at pH 9 and y 
150 mg. per ml. readity dissolved. No difference between the lytic actn i y 
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of the precipitates and that of the material remaining in solution in the 
isoelectric region could be demonstrated, Tliercfore, no evidence for the 
presence of more than one component was found. 

Longs worth, Cannan, and Macinnes (9) have reported that electro- 
phoretic analysis of egg white proteins l evcals the presence of one and on]y 
one component with an isoelectric point above pH 7.0. This component 
was designated bj’* them as Gj. The average amount of this component 
comprised 2.8 per cent of the egg white proteins, whereas the average jneld 
obtained in our preparations was 2.5 per cent of the proteins present in 
egg white. While the mobility of Gi was not determined by Longsworth 
et ah above pH 7.8, extrapolation of the mobility curve shows an 
isoelectric region around pH 10.5 to 11.0, which is in close agreement with 
the isoelectric point of the protein contained in our lysozyme prepara- 
tions. These facts point strongly to the identity of Gi and lysozyme. 

Electrophoretic Behavior and Isoelectric Point of Lysozyme — Several puri- 
fied lysozyme preparations have been analyzed electrophoretically by the 
Tiselius method %\'ithin the pH range of 4.5 to 11.8 and at an ionic strength 
of 0.1. In all of these anal3^ses one component comprising more than 95 
per cent of the total gradient was present and in several the material 
appeared quite homogeneous. In most of the anabases the ascending 
boundary appeared homogeneous, while in one or two trace components 
could be detected. The descending boundaiy in many of the anabases 
spreads considerablj'', beginning abruptly at the leading edge, sometimes 
with a small spike. It was in these spreading boundaries that evidence 
of the presence of trace components was chiefly observed (see foot-note 
to Table VII and Fig. 2). The conclusion seems justified that the lyso- 
zyme preparations are essentially electrophoretically homogeneous and 
may consist of quite pure protein. The results of all analyses are given 
in Table VII. 

The mobilities of lysozyme approximate the values reported for the 
globulin component of egg white designated Gj by Longsworth, Cannan, 
and Macinnes (9), as shown in Fig. 3. In the acid buffers the mobilities 
were lower than reported for Gi, but in Analyses 1 and 2 of Table VII the 
sharp leading edge coincides vdth this reported mobility. Phosphates 
depress the mobilities of lysozyme and Gi from the values in buffers con- 
taining only monovalent ions to approximately the same extent. In the 
media near pH 7.8, two different samples were found to have mobilities 
closely similar to that reported for Gi, although differing in mobility from 
the lysozyme preparation reported by B. Moore in an article b}'' iMe^'er 
(+6.75 X 10“5 sq. cm. per volt second at pH 7.80) (10). 

The properties of Gi at higher pH were not discussed by Longsworth and 
his associates, except for the statement that an isoelectric point was not 



Table VII 

Electrophoretic Analyses of Lysozyme Preparalions 


Analysis 

No. 

Concentra- 
tion, 
per cent 
protein 

pH 

Buffer 

composition* * * § 

Buffer 

molarity 

3fobi!ity of falling boundsricst 

Principal 

Trace 

1 

1 

4.47 

HA 

0.15 

+6.33 

+ 7 . 6 , t + 6 . 1 . + 1.8 




NaA 

0.1 



2 

1 

6.5 

HA 

0.017 

+6.2 

+G.9t 




NaA 

0.1 



3 

1 

6.03 

HC 

0.01 

+5.3§ 





NaC 

0.01 






NaCl 

0.09 



4 

1 

6.6 

KaHjPO, 

0.(M2 

+3.6 

+4.6t 




Na,HPO, 

0.019 



5 

0.7 

7.73 

HV 

0.01 

+4.6 





NaV 

0.01 






NaCl 

0.09 



6 

1 

7.76 

HV 1 

0.01 

+4.49 

+5.9, t +3.7II 




NaV 

0.01 






NaCl 

0.09 ! 



7 

1 

9.7 

NH 4 OH 

0.02 

+3.13 

+3.27t 




NH 4 CI 

0.02 






NaCl 

o.os 



8 

1 

10.0 

G 

0.02 

+3.8t 





NaOH 

0.01 






NaCl 

0,09 



9 

0.5^ 

10.0 

E 

0.02 

+ 3.22 

-3.9i 




HCl 

0.01 






NaCl 

0.09 



10 

0.5^ 

10.7 

E 

0.1 

+1.16** 





HCl 

0.01 






NaCl 

0.09 



11 

1 

11.80 

NaOH 

0.01 

-2.3**-tt 





NaCl 

0.09 


. r* At- 


• Acids and salts present in buffers used were ns loiiows. ^ i ^ 

methylarsonate (cacodylate), V = diethylbarbiturate (barbital, verona , 

ethanolamine, G « glycine. rpfprredtoO“ 

t Mobilities are reported in terms of 10"® sq. cm. per volt secon , . 

by multiplying the mobility at the temperature of observation by the vi 
ffater at that temperature relative to the viscosity of water at 0 ®. . 

t In several analyses the falling boundary spreads considerably, ^ 
ruptly at the leading edge, sometimes with a small spike. ionic 

sharp in these cases, so that the spreading may be attnbuted to p 
adjustment of solution and buffer, and the spike may not represe 

component. . v,nmoceneous in 

§ The sample, isoelec trically precipitated, was apparently quite 
this medium, but in Analysis 6 showed trace components, as no 
11 Mobility of minor component estimated from rising side. 

If Nearly saturated solution. . ovailflbi® 

♦♦ Apparently homogeneous, but the total displacement instances, 

for analysis was insufficient to allow as conclusive a test as in indicated 

tt Analysis of the solution for biological activity and mtrog ^ 
that the lysozyme was stable under the conditions of the experime 
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observed. We found that lysozyme moved toward the anode in a medium 
of 0.01 N NaOH and 0.09 N NaCI (pH 11,80) in which its biological activity 




Fig. 2. Sveneson-Philpot patterns of lysozyroe preparations analyzed at 0.027 
ampere per sq. cm. (a) Analysis I, Table VII, after 12,000 seconds; (b) Analysis 2, 
Table VII, after 3000 seconds ; (c) Analysis 5, Table VII, after 14,000 seconds. 



remained constant. Extension of the published graph to the mobility 
Value at this pH indicates an isoelectric point near pH 10.5. However, 
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the mobility of lysozyme in buffers containing ammonia, gl 3 ’’cine, or ethanol* 
amine, between pH 9.5 and 11 , is regularly' toward the catliode and faster 
than indicated hy this extension of tlic trend of values at lower pH, The 
isoelectric point in these media seems to be near pH 11.0. This circum- 
stance suggests complex formation ^^'ith the amino constituent of the 
medium, just as the deviation with phosphates suggests phosphate binding. 

The correspondence of the electrophoretic and chemical properties of 
the highlj*' purified lysoz 3 ’'me uith tliose of the globulin Gi indicates that 
the 3 ’’ are ver 3 ^ similar and in fact ma 3 ’^ be identical. 

Sedimentation f Diffusion y and Osmotic Prcssxtre Measurements with 
Lysozyme — Solutions of the purified l 3 ’'S 023 Tne were studied in an air-driven 
ultracentrifuge, a Lamm-Polson diffusion cell (11), and in a modified Hepp 
osmometer (12, 13).^ The measurements indicated that the l 3 ’S 0 Z 3 Tne prep- 
aration is homogeneous and that l 3 ’S 023 ’'me falls among the lowest weight 
proteins listed by Svedberg (14). 

From the sedimentation rates measured at l 3 ’S 023 Tne concentrations of 
from 1.5 to 0.5 per cent, in 0.15 m sodium chloride, values at 
found to be about 1.9 Svedberg units. The average diffusion constant, 
Ao, tf, calculated from the maximum scale line displacement and area, and 
b 3 ’' the mctliod of successive anal 3 ’sis ((11) Equation 50) is 11.2 X 10'** at 
1 per cent ]ysoz 3 ’me concentration. Partial specific volume mensuremenU 
have not been made, but if wc assume values from 0,70 to 0.75 we can calcu- 
late molecular weights from 14,000 to 17,000 from the sedimentation and 
diffusion constants obtained for this material. 

The osmotic pressures were determined b 3 ’’ extrapolating to zero 
measurements with cellophane membranes (No. 300), through which 
tysozyme diffuses slowly. The pressures obtained w*ere extrapolated to 
zero concentration of l 3 'soz 3 '^me b 3 ’’ a plot of the ratio of pressure to concen- 
tration versus concentration. The measurements made at two concentra- 
tions of l 3 ’‘so 2 yme gave tlie value of the ratio of pressure to concentration 
equal to 151. From this value a molecular Aveight of 17,500 is obtained- 

Since partial specific volumes were not determined and osmotic pressure 
measurements were made with a slight I 3 '’ permeable membrane, the values 
for the molecular weight of tysoz 3 rme must be considered as approximate. 
However, tlie 3 " are in agreement with each other and also wnth the molecu a 
weight of 18,000 given b 3 ^ Abraham (2). 

Crystallization of Lysozyme — Lysoz 3 Tiie has been obtained in CT 3 "sta me 
form. Crystallization has been successful imder a wdde range of pH va uSm 
ranging from the isoelectric region (pH 10.8) to 3.5, Two factor cou^ 
tribute to the ease of crystallization of l 3 ’’S 023 Tne. It has a relative 3 S 
positive temperature coefficient of solubility, and the solubilit 3 ' ^ 
amorphous material is 3 or 4 times as high as that of the ci^’^stalline form. 

* Davis, B. D., personal communication. 



ALDERTON, WARD, AND FEVOLD 


55 


Crj^stallization at pH 4.5 was carried out in the following manner. 4 gm. 
of isoelectric protein, which had been dissolved in dilute acetic acid at pH 
6 and dried in the frozen state, were dissolved in 60 cc. of 0,2 m acetate 
buffer at pH 4.5, containing 5 per cent of sodium chloride. The solution 
was allowed to stand at room temperature, when well defined crystals were 
deposited as show in Fig. 4, Only 15 mg. per ml. of the original material 
remained in solution after crystallization for 16 hours. The rate of cr 3 ''stal- 
lization ma^’* be markedly increased b}" lowering the temperature from 
2r to 4° 

Cr3’'stallization at the isoelectric region (pH 10 to 11) Avas accomplished 
hy agitating an excess of the isoelectric protein Avith saturated sodium 
chloride adjusted to pH 11 Avdth NaOH. The amorphous material par- 
tially dissoh’^ed, and as a result of the loAver solubility of the crystalline 



Fig. 4. Crystalline lysozyme (120 X). Crystallized from 0.2 m acetate buffer, 
pH 4.5, containing 5 per cent NaCI . 

product, crystals Avere deposited. When the process AA^as continued long 
enough, all of the excess amorphous solid Avas changed to the crystalline 
state. The crystals so formed Avere very thin rectangular plates. 

Crystallization from ammonium sulfate solutions (0.4 m) buffered at pH 
5.0 Avith acetate, or at pH 7.0 Avith phosphate, resulted Avhen the tempera- 
ture Avas lowered from 21° to 4°, Crystallization Avas also effected at 
room temperature from 1.4 m ammonium sulfate solutions acidified to 
pH 3.5 Avith sulfuric acid. The activities of the various crj^stalline prep- 
arations Avere in all cases similar to those of the amorphous material. 

The crystalline forms obtained by the procedures outlined aboA^’e seem 
to vary AAuth the pH at Avhich crystallization is carried out and with the acid 
used in effecting solution of the isoelectric material. Since iysozjune is a 
very basic protein, it seems that the crystal form of its salts Avith A^arious 
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not improve the specificit}' of ti^^ptophane methods (6) for the anabasis of 
biological preparations containing non4r}’'ptophane indole compounds. 

Experiments are presented herewith to demonstrate the suitabilit}' of our 
procedure for the estimation of tr 3 "ptophane in the urine. The critical 
chemical tests received supplementaiy support by obsen^ations that in- 
gestion of I- or dl-irypiophtme by normal adult humans resulted in a 
prompt elevation of the trj'ptophane level in the urine. The study of 
seven normal male adults on normal diets revealed that 22G to 336 mg. of 
tr 3 T)tophane are excreted daib' and that the output beais a fairly constant 
ratio to the bod}' weight. 


EXPERIMENTAL. 

Reagents ^ — 

Acid mercuric sulfate. 10 gm. of mercuric sulfate are dissolved in 100 cc. 
of 5 per cent (by volume) sulfuric acid solution. 

Potassium pcrsidfate^ 1 per cent solution. 

Sodium nitrite y 3 per cent solution. 

Thymol solution. 1 gm. of thymol, U. S. P., is dissolved in 100 cc. of 95 
per cent ethanol. 

Acetic acid. Glacial and a 10 per cent solution. 

Sulfuric acid, 50 per cent solution. 

Acid reagent. 60 cc. of 40 per cent trichloroacetic acid are mixed with 
40 cc. of concentrated HCl. 

Tryptophane standard. 100 mg. of dZ-try'ptopbane (Merck, 13.60 per 
cent N found) are dissolved in 100 cc. of distilled ^Yater. Since quantitatwe 
transfer of this substance is difficult, it is recommended that the amino 
acid be weighed directl}^ in the volumetric flask. Solutions of tryptophane 
have been found to shotv appreciable deterioration irithin 1 week, even 
when stored in the refrigerator at 4°. 

Procedure 

Preservation of Human Urine — 24 hour specimens Tvere collected m 
2 liter wide moutli brown bottles containing 50 cc. of 15 per cent H 
(by volume) and 1 cc. of 10 per cent alcoholic tHymol and w'cre made to a 
uniform volume of 2 liters before removal of the sample for tiyptop ane 
determination. Tests have shown that decomposition of 
proceeds rapidly under these conditions, so that the assay must be earn 
out immediately at the termination of the collection period. Preservatn 
were hot used for fractional specimens, since in these instances the e 
minations wnre made immediately. . 

Method — ^Description of the method will be subdivided into twn sec o 

* Merck ''reagent” grade chemicals were used throughout. 
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the isolation technique, which is performed only when the specimen is 
suspected to contain indole compounds other than trj^ptophane or to 
contain the amino acid in nnnute quantities, e.g urine; and a colorimetric 
technique, which is applied to samples derived from the isolation operation 
or specimens which are free from indole derivatives other than trj'ptophane 
and contain 1 to 2 mg. of the amino acid per cc. of solution, e.g. protein 
hydrol^'sates. 

Tryplophatic Isolalioji Technique — 50 cc. of urine are passed at the rate 
of 1 drop per second through a column of 10 gm. of activated permutit 
(5) contained in a 150 X 15 mm. (inside diameter) calcium chloride tube 
plugged with coarse glass wool and fitted with a short piece of rubber tubing 
and a screw pinch-cock to regulate the flow. "i\%en this is properly done, the 
filtrate should give a negative reaction with Nessler’s reagent. To 20 cc. of 
the treated urine is added 1 cc. of 50 per cent sulfuric acid and the mixture 
is shaken in a separator^" fuimel with 20 cc, of ether, TJ. S. P., to remove an)’' 
non-trj'ptophane indoles w'hich may be present. (Owing to the formation 
of emulsions, the use of chloroform is not recommended.) The aqueous 
fraction is run into a 50 cc. graduated conical bottom centrifuge tube which 
contains 10 cc. of acid mercuric sulfate reagent. The mixture is refrigerated 
at 4® for 2 hours; then centrifuged for 10 minutes at 3000 b.p.m. The 
supernatant solution is decanted and the precipitate is dissolved in a min- 
imum amount of acid reagent; usually 1 cc. is sufficient. The volume of 
this solution is adjusted accurately to the 5 cc. mark of the centrifuge tube 
with distilled water, or so that 1 cc. of the final solution contains approxi- 
mately 1 mg. of trj-ptophane. 

Colorimetric Technique — ^Two 2 cc. aliquots of the final solution derived 
from the isolation procedure in graduated lOett-Summerson colorimeter 
tubes are treated with 0.3 cc. of 3 per cent sodium nitrite and 0.1 cc. of 
10 per cent acetic acid and the mixtures are shaken intermittently for 
10 minutes. There are then added in succession 0.3 cc. of 1 per cent po- 
tassium persulfate, 0.5 cc. of th^nnoi solution, and 5 cc. of acid reagent, with 
thorough mixing after each addition. The tubes are placed at once in a 
boiling w^ater bath for 5 minutes and then cooled in a ice bath for 5 or 
10 minutes. During the cooling, the reaction mixture w’ill have separated 
into two layers, an almost colorless layer above and a red laj^er of ethyl 
trichloroacetate below'. All but approximately 0.3 cc. of the upper la 5 "er is 
removed by aspiration through a capillary pipette at the winter pump; then 
the colored layer is diluted to the 5 cc, mark with glacial acetic acid. The 
resulting color is read in the Klett-Summerson photoelectric colorimeter 
with a No. S-54 filter and compared with that of a siroilarl}" treated trypto- 
phane standard (1 cc,). A reagent blank is also run and its color reading is 
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subtracted from the readings of the lmkno^^^l and standard before pro- 
ceeding with the calculations. 

Calctdations — 

U = colorimeter reading of unknown 
T = “ “ “ 1 cc. of tryptophane standard 

RB = ” reagent blank 

Solubility correction = 0.78 mg. of tryptophane per 100 cc. of urine, or volume in 
cc. X 0.0078 mg. 

Then 


Mg. tryptophane in sample ■ 




— RB 5 volume 
fiS 20 


Results 


in cc.^ 


+ 


(volume in cc. X 0.0078) 


The suitability of the modified Jolles reaction for the estimation of 
tr 3 "ptophane was determined by submitting var 3 dng amounts of the amino 
, acid direct!}’’ to the colorimetric procedure. The results of these tests are 
’ in Fig. 1 and, since it appears that Beer’s law does not apply strictly, 
e use of a calibration curve or standards '\nthin the range of the unknowns 
IS recommended. 

Although the modified Jolles reaction was previous!}' found not to }'ield a 
red color with any of the knovm amino acids other than toTtophane, the 
behavior of other indole compounds which might occur in the urine re- 
mained to be tested. For this purpose authentic specimens of available 
indole derivatives were dissolved in suitable alcohol-water mixtures and 
the color reaction was carried out (a) directly on the test solution. as 
described under the colorimetric technique, (6) after precipitation of the 
indole substances as described under the isolation technique, and (c) after 
shaking the test solution with an equal volume of ether. Comparison of the 
tryptophane equivalents of these compounds obtained by the three tech- 
niques indicates that, whereas the interference from the non-tr}^ptophane 
indoles tested would be completely obviated by a single ether extraction, the 
precipitation procedure would not be effective in suppressing their in- 
terference (Table I). It is to be noted further that indole, indoleacetic 
acid, and indolepropionic acid give a lavender tint, but that tryptophane 
gives a reddish orange color with this reaction. It Avas surprising to nn 
that tryptamine and acetyl-d/-tryptophane do not }ield a color. 
further observed that all of the indole substances tested yield a precipita 
Avith the mercury reagent. Moreover none of these indole compoun s 
responded positively to the indican test, thereb}^ clarifying the statemen s 
of Sharlit (7). ^ 

Since a pure specimen of indican could not be obtained, evidence ^ 
failure to interfere Avith the tryptophane color reaction was deduce to 
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tests which showed that the removal of indican from the urine by chloroform 
or ether extraction did not diminish the tr^Titophane value of urine speci- 



Fig» 1. Relation of color intensity to amount of tryptophane. Each point repre- 
sents the average value of ten determinations. The bars above and below each 
point indicate the range of deviation of the readings. The colorimeter readings are 
given minus the reagent blank value (25 to 30 units) . 

Tab]le I 


tryptophane Equivalents of Indole Compounds As Estimated by Application 
of Modified Jolles Reaction 

Equivalents are based on the use of 1 mg. of each substance tested. 


Substance 

Direct color 
reaction 

(a) 

After acid mercuric 
sulfate pptn. 

m 

After single ether 
extraction 

(c) 


ng. 



Indole 

12.0 

4.7 

0 

Indolcacetic acid 

11.4 

3.5 

0 

Indolepropionic acid 

0.5 


0 

Tryptamine 



0 

Acety!-<ff-tryptophane 

0 


0 

di-Tryptophane 

1.0 

0.96* 

1 1.0 


* Corrected for solubility of mercury complex. 


mens as detenuined by our procedure (Table II). In addition, these 
experiments indicate that normal urines do not contain appreciable amounts 
of non-tryptophane indole derivatives which react positivel}' with the 
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modified Jolles test, so that it should ordinarily be possible to carry out the 
determination mthout previous ether'extraction of the urine. 

In order to secure urine samples containing adequate amounts of trj^pto- 
phane for the color reaction, it was found necessary to prepare 6- to 10-fold 
concentrates. Although tliis can be accomplished by distillation in 
vacuo, precipitation of the amino acid as the mercury complex proved to be a 
more convenient and effective means of obtaining suitable samples for the 
determination. This latter approach was greatly facilitated by the ob- 
servation that the requisite amount of reagent and resultant precipitate 
could be considerably reduced by removing tlie greater portion of mercurj’’ 
complex-forming N bases of the urine by adsorption on permutit. Detailed 
tests indicated that the introduction of this step does not entail any meas- 
urable loss of trj’-ptophane. Still greater ease of operation and accuracy 
were achieved by the finding that, since the presence of mercuric ion does 


Table II 

Effect of Removal of Indxcan on Tryiptoj>hanc Value of Urine 


Specimen j 

1 

Extraction procedure j 

! 

Ti^'pto- 

1 lodican 

content 

ToUl 1 

Method 



nt. 1 

wj. 1 


20 cc. Urine A 

None 

1.5 

■Sh 

Sharlit (7) 

Same | 

20 cc. ether, 1st 

1.5 

BH 

t{ 

1 


20 ** “ 2nd 

1,5 

KH 

1 “ 

20 cc. Urine B ' 

None 

3.S 

; 0.29 

Kumon (S) 

Same | 

20 cc. CHCls 

1 3.3 

i 0.07 

it 


not affect the color reaction, the customary decomposition of the trypto- 
phane-mercury complex by hydrogen sulfide could be replaced by solution 
of the compound in the acid reagent. 

Recovery tests were performed at this point in the evolution of the 
method and revealed the need of a correction factor to compensate for the 
solubility of the tryptophane-mercur>^ compound. Our data (Table HD 
indicate that the loss incurred under the conditions of the method is 
equivalent to 0.78 mg. of tryptophane per 100 cc. of urine. This figure 
could not be reduced by any variations in concentrations of mercuric ^Ifate 
or sulfuric acid. The need for such a correction for methods which m- 
terpose the precipitation technique was pointed out by Car^’’ (9)- 
found a correction of 0.035 mg. of tryptophane per 100 cc. of reaction 
solution necessary under the conditions of his procedure. The discrepanc} 
with our values may well be due to difference in characteristics of the me la 
which Onslow (10) has demonstrated to affect the precipitability of ammo 
acids by acid mercuric sulfate. 










A. A. ALBANESE AND J. E. FRANKSTON 


65 


Further evidence of the validity of the method for measuring urinaiy 
tryptophane was adduced from ‘human feeding experiments. For this 
purpose four fasting normal subjects were fed 2.0 gm. (0.01 m) of Z or dZ-tiyp- 
tophane and given 240 cc. of water at zero hour and 120 cc. more at the end 
of the 1st and 2nd hours to maintain a uniform flow of urine for the period 
of the experiment. The urine was collected at 0, 1, 2, and 3 hours and 

submitted to the analyses. The temporary toTjtophanuria observed in 
both subjects leaves little doubt that the reaction is specific for ti^’ptophane 
(Fig, 2). It is to be noted that, although the tiyptophane output after 
ingestion of racemic and Z (—) -tryptophane is not appreciably different, the 
feeding of the racemic variet}’' results in the formation of an unidentified 


Table III 

AyiaXyiical Losses of Tryvlophane Due io Solubility of Tryptophane-Mercury 
Complex in Human Urine 


Conditions of tests, final volume 31 cc., temperature 4®, time 2 hours. 


Urine specimen »nd tryptophane 

* content ^ 

Tiypl(>‘ 

phone 

added 

Tryptophane In 
composite sample 

ToTtophane loss 

Calcu- 
lated 1 

Found 

Total for j 

test ! 


20 cc. Urine A; 2.27 mg. ^ 

nr. 


mt. 

fjir. 

mg. 


0.91 

3.18 

3.08 


0.50 

Same 

1.83 

4.10 1 

3.98 


0.60 

20 cc. Urine B; 2.81 mg. 

3.26 

6.07 

5.86 ’ 

0.21 

1.05 

Same 

6.52 

9.33 

9.13 

0.20 

1.00 

it 

13.04 

15.85 

15.68 

0.17 1 

0.85 

<c 

26.08 

1 2S.S9 

1 

28.76 

0.13 

0.65 

Average and average deviation 

0.78 ± 0.19 


indole metabolite which fails to affect either indican or tiyptophane values 
and jdelds indigo red on treatment vdth iodine (11). 

Attention is also called to the interesting fact that only about 1 per cent 
of the tr3T)tophane fed was recovered in the urine as excess above the normal 
output (Fig. 2). This obser\’'ation is corroborated b}’’ other experiments 
in which the intake of 30 to 35 gm. of heterogeneous proteins, as lunch, was 
found to induce an over-all increase of only 6.0 mg. of tryptophane above 
the normal level in subject A (male) and no increase above the basal output 
in subject F (female) . These findings signify” that only a very’’ small amount 
of the total urinary try^ptophane can be attributed to postprandial spilling 
of the amino acid. 

^leasurfements made by this method on the urines of seven normal adult 
niales maintained on normal diets show that an average of 281 d: 30 mg. 
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of tryptophane was excreted daily, the amino N of which is equivalent to 
3.9 db 0.3 per cent of the total amino N. Calculations from these data show 



Fia. 2. Urinary output of tryptophane of fasting subiects after administration 

of 0.01 M (2.0 gm.) of U or d^tryptophane. The solid line indicates excretion after 
ingestion of the dl form; the broken line after ingestion of the I variety. Subject 
A, male, 70 kilos; subject F, female, GO kilos. 


Table IV 

Daily Tryptophane Output of Normal Adult Human hfalcs on Normal Diet 


Subject No 

1 

Body T\ eight j 

1 

Total ammo N | 

Tryptophacc output 

Trvptophanc 
Ijodi vrcight 


is 1 

tng \ 

fng. 


1 j 

103.0 

600 ! 

336 

3.26 

2 

94.0 1 

GOO 1 

316 ! 

3.26 

3 , 

74.4 ! 

460 1 

250 ! 

3.38 

4 i 

81.0 

390 

288 

3.63 

5 

00.1 

490 

264 

2.93 

5 

80.7 

410 

I 295 

i 3.62 

7 

6S.0 

460 

226 

3.32 


Average and average devia- 
tion 

500 ± 83 

1 — 

1 

2S2 db 30 

3.33 dz 0.16 


that the output of tryptophane appears to bear a fairlj*’ constant ratio to 
body weight of the individual (Table IV). These subjects 
sequently submitted to various experimental but adequate diets for 6 a 
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and the tn*ptophanc measurements made over this period revealed the 
over-all average daily try-ptophane output to be 3.2S 0,24 mg. of tiy^p- 

tophanc per kilo of body weight. This is in good agreement vdih the value 
found for the nomial diet period (Table IV), 

niscussiox 

Owing to the lack of specificity of the available methods, attempts to 
utilize the tiy^ptophane content of various biological fluids as a diagnostic 
criterion in a variety of diseases have led to conflicting views on the value 
of this test (12). !Most interesting of these studies are the reports on serum 
tryptophane in liver cirrhosis (13) and in pulmonaiy^ tuberculosis (14), 
cerebrospinal fluid tryptophane in tuberculous meningitis (15), and tiy^pto- 
phanuria in mental diseases (2). It would seem possible that clarification 
of the significance of the txy’^ptophane test in these and other diseases could 
be effected by the application of the method presented here. 

The finding of large amounts of tr 3 ’ptophane in the urine naturally raises 
questions as to its origin, whether ex^rtn^c, due to a temporaiy" hypeT- 
trjq>tophanemia following ingestion of food, or tnfrtnsxc, due to normal 
tissue breakdown processes. Evidence for the latter possibility is deduced 
from the observ^ations that (a) the normal tiy-ptophane output is only 
slightly elevated as the result of the intake of tryptophane or food, (6) the 
rate of excretion remains fairly constant throughout the day, and (c) the 
loss is relatively constant as measured by the ratio of tryptophane to body 
weight. If this hypothesis is correct, the value for urinary'’ tryptophane 
(3.3 mg, of tryptophane per kilo of body weight per day) would represent a 
minimum amount of the natural form (11) of this essential amino acid (16) 
which should be restored to the organism to maintain tryptophane equilib- 
rium. 

The fact that txyptamine, acetyWZ-tryptophane, and indican do not 
yield a red color by this test is of particular significance to us in \dew of the 
fact that the unidentified indole metabolite of d-tryptophane produced by 
man apparently also fails to give a positive test by this reaction. However, 
other tests have shown that the d-tryptophane metabolite is not identical 
with either of these three compounds. 

Finally, it is of interest to note that tryptophane was found to constitute 
the principal indole derivative present in the urine of twelve normal human 
adults (four females and eight males) examined intermittently for various 
indole compounds over a period of 2 months. 

SUMMARY 

A method for the estimation of tryptophane in human urine is described. 
Application of the procedure to 24 hour specimens of seven normal male 
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subjects on normal diets has revealed that 281 dz 30 mg. of tiyptophane are 
excreted daily and that the output approximates the value 3.3 mg, of 
tryptophane per kilo of body weight per day. The origin and physiological 
implications of urinary tryptophane are discussed. 
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SPECTROPHOTOMETRIC STUDIES 

XII. OBSERVATION OF CIRCULATING BLOOD IN VIVO, AND THE DIRECT 
DETERMINATION OF JHE SATURATION OF HEMOGLOBIN IN 
ARTERIAL BLOOD* 

By DAVID L. DRABKIN and CARL F. SCHMIDT 

(From the Departments of Physiological Chemistry and Pharmacology y School of 
MedicinCy University of Pennsylvaniay Philadelphia) 

(Received for publication, September 19, 1944) 

Uncertainty still exists concerning a fundamental point in hemoglobin 
physioiog3% the degree of saturation of arterial blood at sea level. Values 
for this quantity (per cent of oxyhemoglobin, Hb02) in man, reported in 
the more recent literature (5-7), are as low as 93.0 per cent and jdeld an 
average of 95.0. Such values for percentage saturation have been used in 
deducing the oxygen tension (pO^) of arterial blood, usually read off from 
previously determined oxygen dissociation cun^’es which relate saturation 
to tension. On typical dissociation cun'es (8) 93.0 and 95.0 per cent 
HbOo correspond respectively to approximately 65 and 80 mm. of Hg of 
arterial p02. If these values are correct, a difference (Ap02) of appreciable 
magnitude (average = 20 mm. of Hg) exists between alveolar and arterial 
oxygen tensions. This Ap02 has been accepted as a physiological 
nomenon, and has been explained by the hypothesis that “oxygen equilib- 
rium is not attained until after passage through the lung capillaries (9). 
It may be pointed out at once that this indirect procedure for obtaining ^e 
arterial p02 is not precise. The portion of the dissociation curve which 
applies to arterial blood at sea level is asymptotic; so that an increase in 
arterial saturation by 2 per cent (from 95 to 97 per cent) would markedly 
reduce, and an increase of 3 per cent (from 95 to 98) would practically erase 
the A pOz (8) . Thus, the question whether the values of arterial saturation, 
as obtained by current methods, are too low becomes a vital one. 

The usual gasometric technique (10) for determining the percentage o 
saturation of hemoglobin with oxygen is indirect. Two separate analyses, 

* The work described in this paper was done under a contract, rec^mended by 
the Committee on Medical Research, between the Office of Scientific esearc an 
Development and the University of Pennsylvania. Permission for pu ication as 
been granted. Preliminary reports were presented at the May 16, 1944, mee mg o 
the Physiological Society of Philadelphia, and abstracts have appeared ( , w- 
the same meeting reports were made upon related investigations of somces o error 
in the gasometric determination of oxygen saturation by Roughton, 

Root (3), and the determination of arterial oxygen tension b> Coraroe ( 
results of the independent investigations were mutually concordant. 
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oxygen content and oxygen capacity j are required. The oxygen content usu- 
ally is determined fairly promptly after the blood, unexposed to air, is 
drawn, whereas an indefinite inter\"al of time (often 1 hour or longer) may 
elapse before the analysis of oxygen capacity is performed upon an aliquot 
which has been equilibrated with, air in a tonometer. Since blood is not an 
inert system, it may ^Yell be questioned whether the original sample and the 
subsequent aliquot are strictly comparable. This issue has ceased to be 
academic in view of reports (11-13) that normal blood may contain sub- 
stances (other than Hb 02 ) which, after treatment with dithionite (NasSiOdi 
combine with CO, thereby increasing the CO-combining capacity. One 
such substance may be methemoglobin, hlHb. It is known that MHb, 
when present in freshly drawn blood samples, may rather quickly revert to 
HbOa (through Hb) when the blood sample is allowed to stand (14). Thus 
in the usual analysis of percentage saturation of blood samples containing 
a small amount of MHb, the latter may change to HbOj. Opportunity for 
reversion is small in the promptlj^ performed estimation of oxygen content, 
but it is much greater in the longer interval involved in the oxygen capacity 
determination. Such a phenomenon could account for an oxj^gen capacity 
^ ^ j liigh relative to the oxygen content, and as a result the value of percent- 
age saturation w’ould be too Iow% Factors of this tj’^pe have been investi- 
gated and discussed fully by Roughton and liis associates (3).*‘" 

In seeking additional information upon the saturation of hemoglobin w^e 
have turned to the spectrophotometric analysis of arterial blood. The 
optical technique is particularly appropriate for the direct quantitative 
determination of two or more species (in the present w’ork, HbOs and Hb) 
in a solution (16, 17). The Drabkin and Austin special cuvette of 0.007 cm. 
depth and chamber volume of 0.021 ml. (18) wms utilized. This cuvette 
was designed for and has been used successful!!^ in the measurement of 
absorption spectra of blood hemolyzed by saponin and of concentrated so- 
lutions of hemoglobin imexposed to environmental gases (16, 18). The 
technique has been extended to a study of turbid systems such as whole, 
unhemolyzed blood (19) and the measurement of mixtures of intracellular 
HbOo and Hb in a study of the penetration of Na 2 S 204 and ascorbic acid 
into erythrocytes (20). A cuvette of similar design (but of about twee 
the depth) has been adapted by Lowry, Smith, and Cohen (21) to a photo- 
electric, filter photometer, for the estimation of Hb 02 “Hb in samples o 

' The mechanism of MHb reversion has been studied by one of us (D. L. 
will be published separately. The study revealed that the disappearance of 
from blood is inhibited by fluoride and iodoacetate, and that the inhibition by 
can be removed by pyruvate. Reference may be made to Kiesc*s recent report ( 
upon the mechanism of MHb reduction. 

* Roughton, F. J. W., Darling, R. C., and Root, W. S., to be published. 
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cutaneous blood, hemolyzed and slightly diluted by the addition of a solu- 
tion of saponin and ammonia. In this communication we shall report (1) 
the successful performance of continuous spcctropliotometric observation 
of circulating arterial blood in vivo in the dog, and (2) the determination of 
hemoglobin saturation in dog and man by direct spectrophotometiy on 
undiluted arterial samples, hemolyzed without exposure to air, and meas- 
ured 'uithin 2 to 3 minutes after withdrawal from the subject. The arterial 
saturation w^as found to be consistently of the order of 98 per cent in both 
sets of determinations. As far as we kn'ow% direct spectrophotometric ob- 
serv'ation of circulating blood has not been reported previously. The 
closest approach to the present technique is the ingenious w'ork of Kramer 
and his colleagues (22, 23), w*ho made photoelectric measurements upon 
transillurainated blood vessels, utilizing the difference in light transmission 
of HbO^ and Hb over a broad spectral range of red and near infra-red. 
Outgrowi,hs of Kramer^s technique are the method of Matthes and Gross 
(24) and Millikan^s oximeter (25). 

Methods 

The subjects of the experiments were six healthy, mongrel dogs w^eigbing 
8.6 to 12.5 kilos, and five j^oung men, 17 to 23 years of age. In the latter 
group four w^ere normal and one a controlled diabetic, maintained with 
insulin (subject K. C. L., Table II). Four of the subjects were non- 
smokers; one (L. J. D., Table II) had abstained from smoking for a period 
of 3 days prior to the experiment, a precaution taken to avoid the presence 
of HbCO (3),^ The dogs were in the postabsorptive state, and the human 
subjects were instmcted to partake of only a very light breakfast, the ar- 
terial punctures being performed 4| to 5 hours thereafter. 

Spectrophotometric Observation of Circulating Blood — The 0.007 cm. 
cuvette (18) was filled wdth isotonic saline^ and then introduced into the 
stream of one femoral artery of the dogs, \vhich were anesthetized with 
nembutal (40 mg, per kilo intraperitoneally) and aligned on a board beneath 
the optical bench of the spectrophotometer. The aiTangement is described 
in Fig. 1 and the accompanying legend. Clotting was prevented by previ- 
ous intravenous injection of a 5 per cent solution (100 mg. per kilo) of 
du Font’s pontamine fast pink^ (same as chlorazol fast pink 2B (26)) and 

* A volume of approximately 0.2 ml. is required to fill the cuv^ette and its entry and 
e.\it capillaries. The saline is not essential, but is helpful in establishing immediate 
homogeneous blood flow after the circulation is diverted through the cuvette. It 
should be emphasized that in all the measurements upon hemob’zed (saponized) 
blood, the sample was admitted only into scrupulously clean and thoroughly dry 
cuvettes. 

*The synthetic anticoagulant pontamine fast pink was found to have an absorp- 
tion curve with a slight inflection at 562 m^x and a maximum at 521 tafi. The respec- 



72 


SATURATION OP ARTERIAL HECMOGLOBIN 


periodic injection (at approximately half hour inten^als) of 0 5 ml. quan- 
tities of heparin. With heparin alone circulation through the cuvette 
could be maintained for only approximately 5 minutes before the flow was 
interrupted by deposition of fibrin in the chamber. The arrangement of 
connections (Insert 2, Fig. 1) from the artery to cuvette provided for arrest- 
ing the flow through the chamber, when desired, and by-passing it through 
a second channel to the artery. This permitted periodic trapping of sam- 
ples at different phases of the respirator^’' cycle, and the evaluation of the 
effect of this factor on hemoglobin^saturation, disclosed in some of Kramer’s 
studies (22, 23). To allow for rapid changes from room air to 100 per cent 
or 10 per cent oxygen, in these experiments a cannula w^as inserted in the 
trachea The respiratory rate of the nembu tali zed animals was 10 to 12 
per minute. Samples of blood were removed periodically for erj^throcyte 
count and for independent spectrophotometnc analysis of hemoglobin by 
the usual technique (27) with the 1 cm, cuvette upon diluted, hemob'zed 
blood as Hb02, HbfHbOa + NujSzOO, and total pigment as cyanraethemo- 
globin, MHbCN. 

Collection and Preparation of Hemolyzed Arterial Blood, Uncxposed to 
Environmental Gases — ^To avoid the possibilitj’’ of equivocal results due to 
use of pontamine fast pink and turbid systems, and to assure full precision 
of spectrophotometnc measurement, the f ollowng procedure w as adopted 
Small tonometers of 6 to 15 ml capacity, provided at each end with the 
usual double bore stop-cocks, permitting discard of the blood which first 
flows through the entry tube, w ere employed as collection vessels A solu- 
tion containing 30 mg of oxalate and 50 mg of saponin (Merck, purified) 

tive millimolar « values at these wavc-lengtlis are 10 9 and 20 4, with a molecular 
weight of 928 (based on the value for chlorazol fast pink (26)) . It may be calculated, 
with a value of 8 per cent of body weight in gm for blood volume m ml , that the 
original concentration of the dye in the blood m our experiments should be approxi- 
mately 1 3 mM per liter The concentration of total hemoglobin (Table I) is of the 
order of 10 mxi per liter When these respective concentrations were duplicated la 
vitro (i € dye added to drawn blood), the absorption spectra upon clear solution*^ 
(diluted 1:100) yielded results predictable from the contributions to absorption 
of the two components, dyestuff and HbO^ On the othei hand, blood samples 
w ithdraw n from the animals following injection of the dye, upon dilution to 1 100 for 
spectrophotometry by the usual technique in 1 cm cuvettes, showed only a sma 
influence on the absorption spectrum of HbOj In samples withdrawn earl> after 
injection of the dye the characteristic ratios of csismti C 562 inii and c 542 mu « 562 him 
were changed from 1 75 and 1 69 respectively to 1 70 and 1 62 As the experiment pro 
grossed (2, 3, and 4 hours after injection), restoration towards the normal ratio was 
observed The w ater-soluble dye promptly spills over into urine, but the impression 
w as gained that this accounts for only a fraction of that removed from the circula lO ^ 
A precise study of the rate of disappearance of pontamine fast pink from the oo 
was not undertaken 
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(quantities sufficient for appro3dmately 4 ml. of blood, the size of the usual 
sample) was evenly' air-dried on the walls of the tonometers In this opera- 



Fig. 1. Arrangement for continuous direct spectrophotometric observation of 
circulating blood in vivo. The alignment of the Bausch and Lomb spectrophotometer 
assembly, permanently set up in a dark room, is shown. The observer, reading 
through the eyepiece. B. P., of the spectrometer, is completely shielded from the 
light, L, by enclosing the lamp housing, L. H., and accessory biprisms (which split 
the light into two parallel, optical paths) in an additional large box shielding. Insert 
1, a rectangular monochromatic, L\ photometric field (of two halves), P. 

Ain width is defined by a diaphragm in P.P. Different wave-.i-'. ^ 
position by rotation of a drum, W. D-, translated into rotati-.': (■: m 

within P. H.) from red, r, to blue, 6, or vice versa, about the pivotal point, P. 
photometer scale, P. P., after matching the half fields, is read at R. Insert 2 illus- 
trates the introduction of the Drabkin and Austin special cuvette into the femoral 
artery, P. A. The arrangement of clamps is shown. The passage of blood through 
the cuvette may be arrested and the circulation by-passed by closing the clamps at 
the entry and exit capillaries of the cuvette and opening the clamp, B. P., in the by- 
passing channel. The connections at the clamp sites between the glass capillaries 
are of small bore, pure gum tubing, 

tion care was exercised to obtain a fine, thoroughly dry deposit with ^ 
evidence of trapping of air bubbles. The tonometers were then connected 
by means of clean pure gum tubing to small leveling bulbs and filled vnth, 
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thoroughly clean mercury® and M’ere repeatedly evacuated to insure freedom 
from traces of trapped air. Before connection was made by means of a 2 cm. 
length of pure gum tubing to the cannula or needle in the arteiy, the to- 
nometers were completely filled vnth mercury, including the entry tube. 
In the anesthetized dogs the blood was delivered through a glass cannula in- 
serted in the femoral artery. In man (at rest, and supine) the arterial 
blood was obtained under local procaine anesthesia by the method of femoral 
puncture, by use of cut down lumbar puncture needles (with stilus), gage 
19. With the stilus withdrawn!, a slow, free flow of blood was provided. 
The needle wns allow'ed to remain in the arterj' for periods of about 1 hour, 
during which time samples were drawn at intennls into the tonometer collec- 
tion vessels, with the level of the mercury reservoir adjusted to exert only 
very slight negative pressure. In all cases the first flow’ of blood was dis- 
carded through the side tube of the tonometer. Samples in w’hich suspicion 
existed of the possible trapping of minute bubbles of air w’ere not used. 

The blood samples were usuall3’- collected in three to four spurts, timed to 
synchronize w’ith “end” inspiration or “end” expiration, kymographically 
recorded in both dog and man. By gentle shaking the blood sample w’as 
quickly hemolyzed. The blood in the entry tube of the tonometer w’as re- 
moved with a pipe-stem cleaner and replaced by’' the hcmoly’zed solution. 
After quick establishment of connection between tonometer and entiy 
capillary’’ of the dry, thoroughly clean special cuvette, the sample wms trans- 
ferred to the latter by adjusting the resen^oir to very slight positive pressure. 
Enough of the hemolyzed sample w^as transferred to allow' for appreciable 
overflow' into the exit capillaty of the cuvette. Since the volume of the 
chamber of the latter is 0.021 ml. and the volume of the capillary tubes 
approximately 10 times greater, the optical chamber of the cuvette is com- 
pletely washed out, thereby assuring that the specimen writhin has been 
transferred without contamination wdth environmental gases. The over- 
flow of blood in the capillaiy entry and exit tubes effectively seals the ^am- 
ber, so that oxygenation of the contained sample wall not occur for pehods 
of time up to 1 hour (18) . Since the element of time has been considered as 
possibly essential in the present problem, it should be stated that spedro- 
plioiomeiric measurevient was begun wiihiii 2 io 3 minutes and complete 
xmihin 6 minutes after loithdraical of the blood from the subjecL 

The remainder (about 3 to 3.5 ml.) of the hemolyzed blood wms transferr 
from the tonometer to a flat w’eighing dish. After exposure to air in t 

® In one instance failure to observe the elementary precaution of using 
lously clean tubing and mercury resulted in the formation of appreciable 
changed pigment, recognized spectroscopically as MHb from the character o 
absorption spectrum and the effects of addition of NasSiOi (conversion to 
addition of KCN (conversion to MHbCN), and change in pH (17). 
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container (in wliich drainage difficulties are not encountered (3)^ portions 
were reread spectrophotometrically in the 0,007 cm. cuvette with and mth- 
out addition of NasS:©^. An nliquot was diluted and determined in the 
1 cm. cuvette as HbOa and, after conversion, as Hb and MHbCN. 

Spectrophotomctric Technique y and Error of Method — For details of the tech- 
nique readers are referred to a recent review (16) and to earlier papers in 
this series, particularly upon the spectrophotometry of turbid systems (19) 
and the method of Austin and Drabkin (17) for the determination of two or 
more species in a single solution. In the latter technique, here applied to 
mixtures of Hb02 and Hb, accuracy is increased by measurements at sev- 
eral characteristic wave-lengths, ratJier than being limited to two spectral 
regions. In the present work calculations were based upon e values® at 
600, 578, 562, and 542 m^i, with the wave band or spectral interval h'mited 
to 2 mpy and total pigment concentration determined by conversion to 
MHbCN^ (27). Measurements were also made at wave-lengths of 630, 555 
(maximum of Hb), and 505 mp (an isobestic point in the absorption curves 
of HbOa and Hb). Readings at 505 m/x are not highly accurate, but can 
serve as a check upon total pigment concentration (Table I, last column). 
An example of the procedure and calculation employed is furnished in Fig. 
2. At the characteristic wave-lengths, e values must be known or must be 
determined for the individual species, Hb02 and Hb. The summation of 
the total change in absorption, XAe, at these wave-lengths between Hb 02 
and Hb is designated The summation of the partial change, 2p, is the 
change in absorption from Hb02 to the particular mixture, M, of the two 
pigments measured. The ratio, r = XpiXr = fraction of Hb, and 1 — r = 
fraction of Hh02. (1 — r) X 100 = percentage saturation. 

Mean € values have been establish^ mth sufficient precision for hemo- 
lyzed dog blood to be used as absorption constants. The mean e values, 
obtained in the present experiments (recorded in Fig. 2), agree very closely 
with values previously obtained upon hemolyzed dog blood in the 0.007 
cm. cuvette (18), and differ only very slightly from the absorption con- 
stants upon diluted hemolyzed blood, measured in the 1 cm. cuvette (27). 
Therefore, with saponized dog blood valid interpretations could have been 

® As heretofore, our e values are for a concentration of 1 niM per liter (in the case of 
hemoglobin, referred to an equivalent weight of 16,700) and a depth of 1 cm. Thus, 
* “ (1/ (c X d)) X log /o//, where the concentration c is expressed in mM per liter, the 
depth d in cm., the original intensity h is 1.0, and the intensity of transmitted light I 
is expressed as a fraction of unity. 

f In the spectrophotomctric determination of total pigment concentration upon 
aliquots converted to MHbCN, £ ~ 11.5 at 540 m^ is used. This constant has been 
established for preparations from hemolyzed, washed dog er 3 ’^throcytes (27). The 
^me constant was used in the present measurements for hemolj’zed, human blood. 
Evidence for the validity of this procedure will be furnished in a subsequent report. 
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obtained from measurements limited to the experimental sample, eontaia- 
ing HbOx and Hb, by utilizing the previously established (18) € values for 
individual pigments. However, a sufficiently large number of analyses was 
not available for the precise establishment of constants for Hb02 and Hb in 



Fig. 2. Absorption spectrum curves obtaii^cd from measurements on hemolyze^ 
(saponized) dog whole blood in the 0,007 cm. cuvette, with an example of the method 
used in the direct spectropholoinetric determination of percentage saturation. 
Curve IlbOz (heavy, solid line), based on mean c values for fully oxygenated bloo 
from six normal animals in the present study. The absorption constants (mean « 
values) for HbOa, at the indicated characteristic wave-lengUis used in the estimation 
of saturation, are given in the column hf'adcd by C.%. Curve Hb (broken hne;, 
based on mean e values upon aliquots of the samples used for Curve HbOj, after e 
oxygenation by means of solid dithionite, (0.1 mg, per ml.). The 

values, used in the estimation of saturation, appear in the column headed by 
Curve M (light, solid line), sample from Dog 4, partially deoxygenated in a 
ter by COa and Ns, total pigment concentration (as MHbCN) 9-81 msi 
Appended data show that the curve represents a mixture of 0.756 HbO* and 0.2 • 

The percentage saturation of the sample is therefore 75.6. For sj'-mbols, see t le e 
under “Methods.*’ 


the blood of man. Hence the procedure was adopted of detenn^ing o 
each individual hemolyzed blood sample (1) the original absorption spe 
trum (of the portion transferred directly into the 0.007 cm. cuvette), 
the spectrum after the remainder had been fully oxygenated (read im 
in the 0.007 cm. cuvette, and also read diluted 1:100 in the 1 cm. 
as a check upon complete oxygenation), and (3) the spectrum of an a 
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treated solid Na2S204 (read both undiluted and diluted). The rede- 
termination of the sample in the 0.007 cm, cuvette after procedures (2) and 
(3) yields the c values forHb02 and Hb respectively, from which the values 
of 2zi€Hb0r-*Hb> or Xt, are obtained for each sample. The individual 
2r values (Table II, third column) were employed in the calculation of 
percentage saturation in the arterial blood of man. Results (or con- 
clusions), however, would not be materially altered if the mean value 2^ 
= 16.38 and the mean e values for Hb02 and Hb had been used. AVith the 
dog blood, mean e values, obtained in the present work, which yielded mean 
Xr = 15.89, were used, since practically identical results were obtained by 
the individual treatment of each sample. 

Based upon the deviation of e values from the mean in the establishment 
of absorption constants, or the determination of hemoglobin concen- 
tration (as MHbCN), Drabkin and Austin (27) concluded that the accuracy 
of the spectrophotometric method was ±0.5 per cent, and greater in their 
hands than the accuracy attained in parallel analyses by the gasometric 
technique. In the determination of mixtures, under ideal conditions, 
practically as high accuracy was obtained as for individual pigments (17). 
In the present work the accuracy may be expected to be of a somewhat 
lower order, since analyses were carried out upon mixtures in which the 
proportion of one component is very small in comparison with the other. 
On the other hand the need for volumetric manipulations (measurement of 
volume of blood and its dilution) with their possible errors is eliminated in 
the use of the 0.007 cm. cuvette. A conservative estimate would be that 
the analjdical error is within ±1.0 per cent, a value well beyond the agree- 
ment of analytical results such as Xr (in human blood) = 16.38, standard 
deviation = 0.04 ± 0.01, and the concordance of results presented in 
Table I. 


Res 2 tUs 

Observations on Circulating Blood, General Findings (1) A homo- 
geneous circulation of the diverted blood flow through the cuvette chamber 
was maintained, permitting continuous visual measurements up to periods 
of 4 hours. (2) With thoroughly clean cuvettes the film of blood rapidly 
filled the entire cuvette chamber and uniform photometric fields were 
rapidly established and maintained. Streaming effects were totally absent. 
The gratifying absence of streaming or channeling, which would have viti- 
ated the application of photometry, appears remarkable in view of the thin- 
ness of the chamber, the depth of which is approximately onl}’' 9 times the 
diameter of the red blood cell. (3) The passage of the blood through the 
cuvette was pulsatory and synchronous with the pulse. This phenomenon, 
probably related to the introduction of a rigid chamber into the otherwise 



78 


SATURATION OF ARTERIAL HEMOGLOBIN 


distensible artery, did not interfere vnth spectropbotometiy. In the ex- 
tension of this technique automatic recording 'would be profitable. (4) 
Owing to the presence of pontamine fast pink and Iac*k of exact information 
concerning its level of maintenance in the blood stream, some uncertainty 
exists in the extrapolation of the true spectra from the data obtained in the 

Table I 

Agreement in Total Pig7nent Concentration {"Total Hemoglohin^')^ Measured 
Specirojphotomciricalbj by Different Procedures 
In all cases the values are in niM per liter (referred to the equivalent 'weight of 
16,700) in the original, undiluted blood. Concentration is calculated from < (upoa 
the sample measured) divided Vy appropriate, corresponding « (the standard, or 
mean value, used as an absorption constant). The standard c values employed were 
11.50 for MHbCN at 540 m;i (same for diluted as undiluted), 15.13, 8.73, and 14.62 for 
HbOa (diluted 1:100) at 578, 502, and 542 ma respectively, 15.08, 8.02, and 14.75 for 
HbOi (undiluted, whole blood) at 578, 502, and 542 m#i respectively, 13.45 for Hb at 
655 m^ (same for diluted as undiluted), and 5.22 at 505 nm, an isobestic point for 
HbOi, Hb, and mixtures of the two. 


Blood 1 

1 i 

Treatment j 


Total p\Rmcivt mwsured as 

source | 

I MHbCN 1 

HbOs* 

Hbt 

Isobestically 

Dog 3 

1 Diluted, 1 cm. cuvette 

1 Undiluted, t 0.007 cm. 
i cuvette 

1 10.33 

10.27 

10.38 

10.33 
! 10.35 

10.«, HbO;* 
10.33, Hbt 
10.33, m 

a 

Diluted, 1 cm. cuvette 
UndUutcd,t 0.007 cm. 
cuvette 

11.38 

11.33 

11.47 

11.40 

11.41 

11.35, HbO,’ 

' 11.47, Hbt 

11.35, Mil 

4 1 

1 

j 

Diluted, 1 cm. cuvette ■ 

Undiluted,! 0.007 cm. 1 
cuvette ! 

9.78 

1 

9.74 

9.70 

1 

9.78 

9.68 

1 1 

9.72, HbO,* 
9.72, Hbt 
9.72, Mi 


♦ Blood sample completely oxygenated. 

I Blood sample deoxygenated by means of KaiSsOi. 

I Hemolyzed (saponized), oxalated whole blood. 

§ The hemolyzed, arterial sample, unexposed to air, taken at end inspirati^* 

II The hemolyzed, arterial sample, unexposed to air, taken at end expiration. 

turbid state (19, 20), However, reliance may be placed upon a direct 
comparison of the extinction data obtained under varying 
the agreement of results with those found on hemolyzed blood. ® * 
line of comparison was afforded by assuming that the spectrum yie 
when the animal was under 100 per cent oxygen represente 
saturation (100 per cent Hb 02 ) • A. simplified extrapolation proce ur 
was used. 


D, U DIUBKIN ANB C, F. SCHMIDT 


79 


The follo^g pertinent data were secured. (1) In the circulating blood 
the concentration of pi^ent remained relatively constant (order of 5 per 
cent) over a period of several hours. (2) Intravenous injection of 

Table II 


Direct Speclrophotomctric Determination of Saturation of Hemoglobin in Arterial Blood 


Species 

Total 

pipnenl* 


Fraction 
Hb, f « 

Fraction 

HbOj. 

1 ~ r 

^ Satura- 
tion, 
it-r) 

: X 100 

I 

i Kespira lory phase 

at saropling 


rtu P<r 1. 




per cent 


Dog 3t 

10.33 

i 15.89 

1 0.018 

0.9S2 

98.2 

End inspiration 


11.47 

35.89 

0.013 

0.987 

98. 7 

it €< 


11.35 

15.89 

0.045 

0.955 

95.5 

** expiration 

“ it 

9,72 

15.89 

0.017 

0.9S3 

98,3 

** inspiration 

i 

9.78 

15.89 

0.034 

0.966 

96.6 

“ expiration 

“ 5 i 

10.64 

15.89 

0.015 

0.985 

9S.6 

Undetermined 

“ ® i 

9.87 

15.89 j 

0.013 j 

0.9S7 j 

98.7 

fi 

Average j 

9S.5§ 

— 




Man, W. 1C. 

8.03 

16.4111 

0.019 

0.981 

98.1 i 

End e.xpiration 


8.19 

16.3711 

0.020 

0.980 

98.0 ; 

ti ** 

‘‘ H. R. 

8.63 

16.3911 

0.015 

0.985 

98.5 : 

<4 (( 


8.55 

16.3411 

0.017 

0,983 

98. 3 1 

it ti 

H. G. S.lf 

8.57 

16.411! 

0.007 

0.993 

99.3 

inspiration 


8.14 

16.4611 

0.009 

0.991 

99.1 

** expiration 

R. C. 

7.76 

16.3611 

0.010 

0.990 

99.0 

it ti 

“ L. J. D.tt 

9.12 

16.3211 

0.018 

0.982 

98.2 

ti it 

Average 

98. 6 






* Total pigment determined as 2VIHbCA\ To obtain gm. per 100 ml., mnitiply 
the values by factor 1.67. 

t For symbols see the text under ‘^Methods.” 

t Nembutal anesthesia. 

§ Values at end expiration omitted from the average. 

II Mean Sj. in man 16.38; standard deviation — 0.01 0.01. 

If Oxygen tension (pOa), determined by Dr. J. H. Comroe, Jr., ((4); unpublished 
Work of Comroe and Dripps) upon an arterial sample withdrawn within several min- 
utes of the sample used for spectrophotometry, yielded the value 9S.5 mm. of Hg. 

** A controlled diabetic, taking insulin. 

it A mild smoker, who abstained from smoking for 3 days prior to femoral 
puncture, 

adrenalin (0.05 mg.) produced hemoconcentration of the order of 10 to 15 
per cent, definitely observ’able within 4 minutes and maximal at ( minutes 
after injection. (3) The oxygen saturation was maintained at a level of 
97 to 98 per cent during the inhalation of room air. TMien this w'as changed 
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to 10 per cent oxygen, the percentage saturation promptly fell to 75 to 80. 
(4) Samples trapped (see ' ‘Methods’ 0 fit .-end expiration consistently 
showed a lower saturation (95 to 96 per cent) than corresponding samples 
(trapped several minutes later) at end inspimtion (98 per cent saturation) 
in these nembutalized animals breathing ten to twelve times per minute. 

Observations on Hemolyzed (Oxalatcd, Saponized) Arterial Blood — The data 
recorded in Table I upon the agreement of total pigment concentration, 
measured as HbOs (after oxygenation), Hb (after deo.xygenation with 
Na^SiO*), MHbCN (after conversion wdth ferricyanide and cyanide), and 
isobestically at 505 indicate that the spectrophotometric technique 
does not reveal the presence in measurable amount of ^IHb (besides HbOj 
and Hb) in freshlj^ drawn dog arterial blood, determined promptly. As 
an added check in several instances (both in dog and human) KCX alor\e 
was added to the freshly drawm arterial blood, exposed to air. No change 
in spectrum could be demonstrated. 

The data on the direct spectrophotometric determination of arterial 
saturation are collected in Table II. The values are uniformly high (98.0 
to 99.3 .per cent), and average 98.5 per cent in the dog and 9S.6 per cent in 
man. The influence of respiratory phase, obser\’’ed in the circulating blood, 
is confirmed by the measurements upon the hemolyzed samples from 
anesthetized dogs. This effect, however, was not demonstrable in un- 
'anesthetized man. 


DISCUSSION 

If the present results are correct, the conclusion must he drawn that the 
values for hemoglobin saturation in arterial blood at sea level have been 
underestimated by the indirect gasometric procedure* The caus^ for 
error probabl 3 ’' reside, not in the manometric technique per se, but in the 
nature of the blood and its manipulation. This is in accord with the recent 
study of sources of error in the estimation of saturation b}’’ Eoughton, 
Darling, and Root (3),* who conclude tliat hemoglobin saturation is imder- 
estimated by about 2 per cent in the gasometric metliod. According ^ 
them, the average value for hemoglobin saturation in arterial blood shou 
be raised from 95 to 97 per cent. Dr. Boothbj’’ kindly has pennitted us to 
quote corroborative evidence obtained b}^ him and Dr* Robinson m man 
with the oximeter (25). It was customaiy’' to set the oximeter to rea a 
per cent saturation when the subjects breathed room air. Boothbs an 
Robinson, ho\Yever, found that when the oximeters are Bct to read 1 
cent with the subjects breathing ox 3 "gen the saturation upon change 
breathing room air is consistentlj^’ 96 to 98 per cent. _ ^ ^ 

Since percentage saturation has been employed in estimating 
tension from the dissociation cun^e, it is of interest that our values o 
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order of 98.0 and 98.5 per cent saturation correspond on a typical curve for 
man (8) to pOz values of 97 mm. and 100 mm. of Hg respectively. In one 
of the men (H. G. S., Table II), whose arterial saturation was 99.1 per cent, 
an independent determination of pOz by Dr, Comroe (4) yielded a value of 
98.5 mm. With an improved technique Comroe and Dripps (unpublished 
work) have recentlj’' obtained an average value of 97.1 mm. for arterial 
pOj. « The independent analytical procedures therefore are in close accord. 
The ApOz between alveolar air and arterial blood would appear to be vir- 
tually erased whether the pOz is deduced from our values for saturation or 
obtained by direct determination. 

The effect of phase of respiration on arterial oxygen saturation, demon- 
strated in the anesthetized dogs, confirms Kramer and Sarre’s finding 
(23), also in the anesthetized animal. The same factor may be operative 
in unanesthetized man, but of a magnitude too small to be measured. 
Further obsei^^ations are contemplated. 

It may be proper to raise the question whether pure HbOj has ever been 
available for study. Perhaps the pigment in preparations from completely 
oxygenated blood is always contaminated vath a minimal amount of MHb. 
I\lien solutions prepared from fresh, fully ox3’'genated normal blood are 
treated with cj^anide, the spectrophotometric technique fails to disclose 
changes in the direction suggesting the formation of MHbCN. On this 
basis the conclusion may be drawm that if preformed MHb is present its 
concentration must be of the order of 0,5 per cent of the total pigment, or 
lower, an amount bej’^ond the possibilities of differentiation by present 
techniques. Houghton and his colleagues (3)' have confirmed Ammundsen 

(13) that after treatment ^Yith dithionite (Na2S204) there is an average 
increase in CO capacity of the order of 3 per cent. This is a perplexing 
problem. The 3 per cent cannot represent MHb alone, since 1.0 to 1.5 
per cent should be readily detectable b^" the spectrophotometric methods 
Used in the present study (17). Other substances besides MHb have 
CO capacity after reduction, e.g., ferrohemin and nitrogenous ferroporphy- 
rins (28). It is unfortunate in the evaluation of this phenomenon that 
parallel determinations cannot be made of Oz capacity after Na2S204, 
owing to the formation of oxidants from the latter. The possibility remains 
that part of the effect on CO capacity may be an artifact. It would also be 
desirable to accumulate sufficient data for a comparison of the behavior of 
arterial and venous blood in this connection. Most of the analyses have 
been performed upon venous blood, although Roughton et al, (3)" state that 
this makes little difference. 

The factors wdiich influence the equilibria HbOe ^ Hb ^ MHb in blood 
ure indeed complicated. MHb ma3’' disapi)ear from blood after it is drawn 

(14) . On the other hand . MHb ma}^ be formed in blood and blood solutions 
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on standing (17, 27). Rougliton and associates (3)- found an increase in 
O 2 capacity (without 'KnSzOi) in blood standing at room tomperature. In 
the best experiments this effect amounted to 1.1 per cent in terms of total 
pigment, and was interpreted to represent the quantity of the total !MHb 
which had reverted to HbOs (through Hb). AMiereas many hemoglobin 
derivatives combine with CO, veiy few (only Hb, under normal pH condi- 
tions in blood) can unite ^\iih O 2 . Wc believe that the 1.1 per cent may 
approach the value for total MHb in Houghton’s samples, mainly of venous 
blood. 


W^'e are indebted to IVIiss H. Lorraine Leidy and Dr. H. H. Pennes (De- 
partment of Pharmacology) for technical assistance, and particularly to 
Dr. H. D. Bruner (Harrison Department of Surgical Research) for perform- 
ing the femoral arterial punctures in man. 

SUMMARY 

The Drabkin and Austin special cuvette of 0.007 cm. depth (18) has 
been ulitized to extend tlie spectrophotometric technique to the study of 
blood in tnro and to the determination of arterial saturation. 

1. The continuous spectrophotometric obser\’ation of circulating blood 
has been succcssfullj’* performed in nembutalized dogs. 

2. The hemoglobin saturation of heraol 3 "zed arterial blood has been deter- 
mined in dog and man b}’' direct spectrophotometry’. The anah’ses were 
performed within 2 to 3 minutes after the blood was ndthdrami from the 
subject. The saturation was uniformly' high in boUi species. It varied 
from 98.0 to 99.3 per cent, and had average values of 9S.5 and 98.6 percent 
in the dog and man respectively. 

3. The phase of the respiratory’’ cymlc was found to be a factor in the val^ 
of arterial saturation in the anesthetized dogs, but not in unanesthetized 
man. 

4. The sigmficance and interpretation of the findings have been discussed. 
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TRANSAMINATION IN BACTERIA 

Bt HERMAN C. LICHSTEIN and PHILIP P. COHEN 

(From the Laboratories of Bacteriology and Physiological Chemistry, Medical School, 
University of Wisconsin, Madison) 

(Received for publication, September 28, 1944) 

The enzyme-catalyzed transamination reaction involves the inter- 
molecular transfer of an amino group from an a-amino acid to an a-keto 
acid. Since the discovery of this reaction by Braunstein and Kiitzmaim 
(1) in muscle tissue, the reaction has been studied in some detail, particu- 
larly in animal tissues (2, 3). More recently (4), a study of this reaction in 
germinating oat seedlings revealed the presence of a highly active trans- 
aminating system wliich was interpreted to play a direct role in protein 
S3Tithesis. In contrast to the studies on plant and animal tissues, reports 
on the presence or absence of this reaction in bacteria have been equivocal. 
Thus, Adler et aL (5) stated that Bacillus coli catalyzed transamination but 
no experimental data were presented in support of this. Diczfalusy (6), 
working with B. coli and other organisms, reported negative results in a 
more elaborate study. On the other hand, Cohen (2) referred to im- 
published data which showed a low but definite transaminase acti\dty in 
R. coli. In view of the fact that bacteria are rapidly growing orga ni s m s, 
and thus must be capable of extremely rapid protein synthesis, it seemed 
important to study the transamination reaction in a variety of organisms. 
In this paper, experiments are reported which establish the presence in 
several species of bacteria of a potent transaminase system which catalyzes 
the following reaction. 

(1) ^(+)- Glutamic acid + oxalacetic acid — > a-lcetoglutaric acid -b Z(— )-aflpartic acid 

Procedure 

Preparation of Bacterial Suspensions — In general the desired organisms 
were cultivated on tryptose agar contained in KoUe flasks for 18 to 24 
flours at 37®. Eor the streptococci and the pneumococcus, 0.1 per cent 
glucose tiyptose agar was employed, while Bacillus welchii was cultivated 
anaerobically on the same medium in a Novy jar. Asolohacter vinelandii 
was grown in Burke’s synthetic medium at room temperature under aerobic 
conditions. After incubation the organisms were har\'ested, suspended in 
ph^^siological salt solution, centrifuged, washed twice, and finally' re- 
suspended in m/ 15 phosphate buffer solution of the desired pH. Total 
nitrogen content was determined on all suspensions by a micro-Kjeldahl 
uiethod. 


So 
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Preparation of Sxihslraics and Incubation Mia:txircs — Glutamic and oxala- 
cetic acids were added as neutral salts in concentrations of 0.12 m and 0.2 »m 
respectively to give a final concentration of each of 0.021 m. .The bacterial 
suspension and buffer solution were added to the main compartment of the 
Warburg cup, while the glutamic and oxalacetic acids were placed in the side 
arm in 0.5 ml. and 0.3 ml. amounts respectively. Inasmuch as it was 
quickl}’' ascertained that transaminase activity could not be detected under 
aerobic conditions, all incubations were carried out anaerobicalI 3 ^ Anae- 
robiosis was maintained by passing tank nitrogen through the cups. 
After 10 minutes shaking at 38° in a water bath, the cups were tipped, the 
reaction allowed to take place for the desired period of time, and then 
stopped by the addition of 1 ml. of 10 per cent sulfuric acid. The contents 
of the cups were washed into graduated centrifuge tubes, 1 ml. of 10 per 
cent sodium tungstate added, and the volumes read. The mixtures were 
then filtered, the volumes again recorded, and the solutions boiled for 
about 45 minutes to destroy any remaining oxalacetic acid. After ad- 
justing to the ori^nal volumes with distilled water, an aliquot was taken 
for aspartic acid determination according to the method previously de- 
scribed (7). All determinations were carried out in at least triplicate. 
Rates of transamination are expressed as Qr.v values, 

^ microliters nspartic acid formed 

Qrjv « „ ■ . 

mg. N X hrs. 

Residts 

Preliminary experiments were performed wth suspensions of Bacillus 
coli with incubation periods of 1 and 2 hours, on the assumption that the 
previously reported negative results with bacteria may have been due to a 
very low’ transaminase activity. The results of these axperiments indicated 
definite transaminase activity but of a low’ magnitude, f.c., 5 to 10 per cent 
transamination with Qrs values of 40 to 80. These values were in the 
same range as those previously found by Cohen (2). Further experiments, 
however, show’ed that Bacillus coli w’as able to deaminize and decarboxylate 
aspartic acid at such a rapid rate anaerobically that one could not exi^c 
any significant accumulation of this end-product. Thus it was found tha 
of 1344 microliters of added aspartic acid, 45 per cent was destroyed la 
5 minutes, and 75 per cent in 15 minutes under conditions simulating tose 
employed in studying transamination. This effect is demonstrat la 
Fig. hi which it is seen that the apparent rate of transamination e* 
creases with time. As a matter of fact, in the light of tlie rapid ^ 
aspartic acid disappearance, it can be seen from Fig. 1 that 
is actually a veiy rapid reaction, and that the low rates observed ato 
more minutes incubation are due to the rapid decarbox 3 dation and 
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nation of aspartic acid. That the Qtn values at even 5 minutes are not 
maximum is shown hy experiments in which 1 minute incubation times 
\yere used. Qrs values as high as 3900 were obtained under these condi- 
tions. However, because of practical considerations, a 5 minute incubation 
time was employed in all the experiments reported. 

Dilution experiments with increasing incubation times revealed that 
the same relative activity persisted in the system or systems responsible for 
deamination and decarboxylation, and consequently more dilute bacterial 
suspensions ^\^th longer incubation periods could not be employed to 
study the kinetics of this system. 

Effect of Baciertal Concentration — The results shown in Fig. 2 indicate 
that transaminase activity in Bacillus coli is directly proportional to the 




IG. 1. Effect of incubation time on transamination with Bacillus coli', 3.20 mg. of 
acterial nitrogen per flask; pH 7.6; abscissa, length of incubation time in minutes; 
ornate, microliters of aspartic acid formed. 

iviG. 2. Effect of bacterial nitrogen concentration on transamination with Bacillus 
coh; pH 7.6; incubation time, 5 minutes. 


concentration of bacteria within the limits of 1.95 to 7.8 mg. of bacterial 
Ditrogen. In this range the Qtn values were quite constant with an aver- 
age of 700. No appreciable transaminase activity was observed 'with a 
bacterial nitrogen content of 0.98 mg. 

pH Optimum — It is seen from Fig. 3 that the pH optimum for the Bacil- 
ws coli system is about 8.5. This is essentially the same as that found for 
cat seedlings (4), but is higher than that reported for purified animal trans- 
aminase preparations (8). The latter had a pH optimum of 7.5. Previous 
the determination of the pH optimum, all experiments were carried out 
at pH 7.6. Subsequent to this all experiments were run at pH 8. The 
cptunal pH was not employed, since it seemed desirable to use a phosphate 

buffer solution. 

Effect of Temperature — The optimal temperature for the Bacillus coli 
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transaminase ^tem lies close to 32'’ (Fig. 4). It is somewhat surprising 
to find that the rate of transaminataon decreases rapidly above this temper- 
ature. On the other hand, since intact cells were employed, it is quite 



Fig. 3 Fig. 4 

Fig. 3. Effect of pH on transamination with BactUus caU; 2.63 of bacterial 
nitrogen per flask, • incubation time, 5 minutes. 

Fig. 4. Effect of temperature on transamination with Sacjlltts coli; 2.76 mg. of 
bacterial nitrogen per flask; pH 8.0; incubation time, 5 minutes. 


Tablb I 

Qr/f Values for Beprescnlativc Species ofSactena (S Minuies IncuhaUan) 
18 to 24 hour cultures W'ere employed; pH 8.0. 


Organism 

Qnr 

Bacillus coli 

890 

** dysenfenoc (Shiga) 

685 

“ typhosus 

1135 

** proteus 

1610 

“ pyocyaneus 

800 

Azotohacter vinelandii 

1675 

Staphylococcus aureus 

910 

** albus 

950 

Bacillus welchii 

1170 

Streptococcus hemolyticus 

865 

** viridans 

900 

Pneumococcus Type I 

^5 


consistent \vith the optimal growth temperature for Bacillus coli, ^ 
in the neighborhood of 32°. As can be seen from Fig. 4, between 1 ^ ^ 
the rate of transamination is approximately doubled with each 10 use 
temperature. 
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Qtn Values in Different Species of Bacteria — It appeared of interest to 
assay quantitatively different bacterial species for transaminase activity. 
All incubations were carried out for 5 minutes at pH 8 and 38°. While 
these conditions were as close to optimal as could be obtained practically for 
Bacillus coli, it is not at all certain that these conditions are optimal for the 
other bacteria investigated. Consequently, one must assume that the 
values reported in Table I are minimal. It is suggested from the data that 
different organisms within a species tend to have a transaminase activity of 
the same order of magnitude. This is particularly suggestive in the case of 
the staphylococci and the streptococci. Bacillus proteus and Azotohacter 
vinelandii show the greatest transaminase activity of the organisms studied. 
Since the latter is a nitrogen-fbdng organism with high metabolic activity, 
the presence of a highly active transaminase system is of considerable 
interest. 


DISCUSSION 

The data presented in this paper provide unequivocal evidence for the 
occurrence of a highly active transaminase system in several species of 
bacteria. Diczfalusy's (6) failure to demonstrate transaminase activity in 
Bacillus coli with the following reactions 

(2) ?(—) -Aspartic acid + a-ketogliitaric acid— ^ /(+) -glutamic acid -h oxalacetic acid 

(3) a-Ketoglutaric acid + Z(-t*)-aIaiune ?(-h)-glutamic acid + pyruvic acid 

is understandable, since both these reactions proceed veiy slowly as com- 
pared with Reaction 1 (9) . Asa matter of fact the rates of Reactions 2 and 
3 Would proceed so slowly that the end-products measured by Diczfalusy, 
pyruvic and oxalacetio acids, would be destroyed by side reactions 
before they could accumulate in measurable quantities. Both these 
substances are rapidly utilized anaerobically by Bactllus coli and many 
other organisms. In the case of Reaction 2, which proceeds faster than 
Reaction 3 (9), the rapid deamination and decarboxylation of aspartic acid, 
demonstrated in the present paper, would preclude the measurement of any 
appreciable transamination under the conditions employed by Dic 2 falusy. 
On the other hand, glutamic acid is relatively inert, and had this end-product 
been measured, a smaD amount of transaminase activity might have been 
demonstrated at least for Reaction 2. 

It is a matter of some interest to compare the relative rates of transami- 
nation in bacteria, higher plants, and animal tissues. In Table II some 
selected previously published values, converted to Qry values, for plant 
^d animal tissues are presented. It is apparent that the hipest Qtk 
Value obtained for Bacillus coli exceeds those found with animal ti^es. 
Oat seedlings give the highest value of any unpurified preparation studied to 
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date, showing roughly one-lialf the activity of the purified heart muscle 
preparation. On the basis of the experiments with Bacilhts coli it is more 
than likely that the values presented in Table I are 3 to 5 times lower than 
the optimal Qtk values. It can therefore be seen that most bacteria 
exceed animal tissues in their transaminase actmty, and in some organisms 
such as Azolohacler vinclandii and Bacillus protcus the Qry values obtained 
under optimal conditions would probably be several fold greater than 
those reported for animal tissues. Thus, in contrast to previous impres- 
sions, transamination is a more rapid reaction in bacteria and higher 
plants than in animal tissues. In view of the more rapid nitrogen me- 
tabolism and protein synthesis in these low^er forms^ such a relationship is 
quite understandable. 


Table II 


Qrtr Values of Bacillus Colij Animal , and Plant Tissues 


Tissue ! 


Bitiliogra^ic rcfcrtncc 

Bacillus coli 

3,900 

Present paper 

Oat seedlings (96 hrs.) 

5,650 

4 

Brain (rat) 

2,800 

9 

Liver " 

2,200 

9 

Kidney “ 

1,750 

9 

Heart muscle (rat) 

3,330 

' 9 

Purified transaminase (beef heart muscle) 

10,300 

' 8 


The data reported here are consistent with the view that transamination 
is in some manner directly concerned writh the synthesis of protein (d). ^ I ^ 
Qy// values for the bacteria reported in this paper are considerably lug ec 
th an any other metabolic quotients reported for these organisms, 
least in the case of Bacillus coU, a search of the literature fails to reveal any 
metabohe Q values on a nitrogen basis which approach the Qta- va ues 
given in this paper. 


SUMMARr 


1. The transamination reaction 

I (-b) -Glutamic acid -b oxalacetic acid a-ketoglutaric acid -b I(— a 

lias been studied in several bacterial species. The optimal pH for 
reaction in Bacillus colt lies at, about 8.5, and the optimal tempera 

appears to be 32°. re of a 

2, Qry values for twelve organisms are presented, all of whic a ^ 
liigh order of magnitude. Optimal Qry values for Bacillus co t ex 
those reported for animal tissues. 
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CONCENTRATION OF a^AMINO ACID NITROGEN IN PLASMA 
OF NORMAL SUBJECTS^ 


By CALVIN W. WOODRUFFf and EVELYN B. MAN 
{From the Deparimeni of Psychiatry j Yale University School of Medicinet New Haven) 

{Received for publication, October 3, 1944) 

The recent development of the ninhydrin-carbon diojdde method by Van 
Slyke and associates (1*~4), the use of their technique in studying protein 
metabolism in nephrosis (5-8), and the reports of intravenous protein 
digest administration in man (9) have stimulated interest anew in the 
quantitative determination of the circulating amino acids. Previously 
published normal values obtained by the ninhydrin-carbon dioxide method 
(1, 10) have not conclusively defined the range of a-amino acid nitrogen in 
the plasma of normal subjects in the postabsorptive state. Additional 
normal values are presented because only a few of the subjects of Hamilton 
and Van Slyke (1) were knowm to be in the postabsorptive state, and 
because the lower boundary of the normal range in Cramer and Winnick’s 
(10) data was below that assumed by Farr (8). In this paper are presented 
values on the circulating a-amino acid nitrogen in the plasma of thirty- 
seven normal individuals, sixteen females and twenty-one males, in the 
postabsorptive state. 

Method 

The ninhydrin-carbon dioxide method of Hamilton and Van Slyke (1) 
Was used. Blood was drawn from the antecubital vein in a dry syringe and 
placed in a centrifuge tube containing 0.66 mg. of crystalline heparin. 
Blood was centrifuged and the plasma separated from the cells within 
1 hour of the time the blood was obtained. Hemolysis was never observed. 
Occasionally plasma was allowed to stand for about an hour before addition 
of the picric acid solution. After the addition of picric acid solution, the 
technique was conducted as rapidly as possible through heating in a boiling 
water bath for 20 minutes. Subsequent to this procedure the detenm- 
nation of carbon dioxide was performed whenever convenient during the 
next 36 hours. 

The all-glass reaction vessel was used throughout. Dr. Hamilton^ 

. work waa aided ia part by grants from the Fluid Research Fund of Yale 
university School of Medicine. . 

T lost of the data in this paper are taken from the thesis presented by Calrin . 
. i^ partial fulfilment of the requirements for the degree of Doctor of * e 

erne at Yale University School of Medicine, 1944, 
amilton, P . B., personal communication. 
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advised the use of a second drop of capiylic or octyl alcohol when the 
ninhydrin was added. Also he called to our attention that the cooling 
in ice water after preboiling should not be prolonged more than Ij minutes. 
Longer cooling in ice water may result in greater absorption of atmospheric 
carbon dioxide than would occur at room temperature. 

Carbon dioxide from tuico recr 3 'stallized dl-alanine was detennined 
theoretical^ in four experiments. The average of the calculated quantity 
of dl-alanine was 98.6 per cent of the amount added, mth an average de- 
viation from the mean of 0.3 per cent. In four other experiments rf^aIanme 
was added to the picric acid filtrate of plasma. The average calculated 
quantity o! dl-alanine was 100.2 per cent with an average deviation from 
the mean of 2.2 per cent. In the determinations on plasma to be presented 
in this paper, the average difference between aliquots was 0.06 rag. of 



Mg of olpho-omino octd nitrogen per lOOPC of plasmO 
Eia. 1, Plasma a-amino acid nitrogen of normal subjects 

ot-amino acid nitrogen per 100 cc, or 1.3 per cent. The greatest difference 
was 0.16 mg. per 100 cc. and the majority of the determinations had a 
difference of less than O.lO mg. per 100 cc. or 2.4 per cent. This corre- 
sponds to the error found in the theoretical analyses for di-alanine. 

The results are reported uncorrected for urea. A normal non-protem 
nitrogen is assumed. All the values are the averages of duplicate analyses. 
They are expressed as mg. of a-amino acid nitrogen per 100 cc. of 

Results 

In Fig. 1 are presented the values of the a-amino acid nitrogen in the 
plasma of thirty-seven normal subjects in the postabsorptive state, 
these medical students, nurses, and laboratory workers, sixteen we 
females and twenty-one males. They were all in good health and, 
few exceptions, between the ages of twenty and thirty yearn. The va 
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ranged from 3.37 to 4.97, with an average of 4.23 mg, of a-amino acid nitro- 
gen per 100 cc. of plasma. All except two values fell between 3.59 and 4.76 
mg. per cent. In Fig. 1 the cun^e of frequencj" distribution be 
skewed to the right, instead of follo\^ing the sjunmetrical normal frequency 
distribution cun'e, but n larger number of normal values would be required 
to confirm this. The average ^'alue for the sixteen females was 4.13 and 
for the twenty-one males 4.31 mg. of a-amino acid per 100 cc. of plasma. 

DISCUSSIOX 

In this series of thirty-seven subjects in the postabsorptive state, the 
average normal value of 4.23 mg. of a-amino acid nitrogen per 100 cc. 
plasma is essentially the same as 4.07 mg. per 100 cc. reported by Hamilton 
and Van Slyke (1) and as 4.2 reported Cramer and Winnick (10). Due 
to their use of a correction for plasma urea concentration, Hamilton and Van 
Slyke’s values should be about 0.1 mg. per cent lower than those of Cramer 
and Winnick and of our subjects. The general results on the normal aver- 
age level show basic agreement among all who have used this method. 
The range of values on our thirty-seven normal subjects, from 3.37 to 4.97 
mg. per cent of a-amino acid nitrogen, is almost identical with that of 
Hamilton and Van Slyke, from 3.35 to 4.72 mg. per cent. 

Only three of the thirteen values of Hamilton and '\^an Slyke from plasma 
of ten different subjects were made when the subjects w’ere known to be in a 
postabsorptive state. In two of their subjects, a-amino acids in the plasma 
were determined, both in the fasting and non-fasting states. In each 
mstance the fasting value was low'er: 3.35 versus 4.45, and 4.32 versus 
5.00 mg. per cent of a-amino acid nitrogen. Since protein ingestion is 
known to elevate the a-amino acid nitrogen in the plasma (11, 12), it was 
impossible to evaluate the effect on the plasma amino acids of the ingestion 
of food by their other normal subjects. In fact, in our own experiments on 
two subjects the ingestion of 42 gm. of protein, chiefly in the form of 
hambujger steak, resulted in a rise of about 1.0 mg. per cent of a-amino 
acid nitrogen in the plasma. The o-amino acid nitrogen in the plasma rose 
from 3.77 to 4.87 mg. per cent in one subject and from 3.63 to 4.64 mg. 
per cent in the other. In spite of the fact that Hamilton and Van Slyke's 
subjects Were possibly not in the postabsorptive state, their minimum, 
maximum, and average values were in close agreement with those in this 
series. 

The data of Cramer and Winnick (10), obtained on twenty fasting 
convalescent hospital patients, show a much greater range of values. Their 
average difference between duplicates (3.3 per cent) was greater than that 
reported by Hamilton and Van Slyke (1). Their subjects were con- 
valescent patients and perhaps should not be considered normal for that 




STUDIES IN MINERAL METABOLISM WITH THE AID OF 
ARTIFICIAL RADIOACTIVE ISOTOPES 

VIII. TRACER EXPERIMENTS IVITH RADIOACTIVE CALCIUM AND 
STRONTIUM ON THE MECHANISM OF VITAMIN D ACTION IN 
RACHITIC RATS* 

Br DAVID M. GREENBERG 

(From the Division of Biochemistry, University of California Medical School, Berkeley) 
(Received for publication, October 5, 1944) 

Study of tke mode of action of vitamin D in rickets has led to varied 
conclusions concerning the mechanism whereby the mineralization of bone 
is promoted by this vitamin. The literature on the subject has been re- 
viewed in another place b}’* the 'WTiter (1), 

A hypothesis that has met with much favor is that \itamin D increases 
the absorption of calcium from the gastrointestinal tract and the urinary 
excretion of phosphorus, but has no effect on either the fecal excretion or 
the absorption of phosphorus. Many investigators have felt that this 
hypothesis is inadequate and that, aside from its effects on absorption and 
excretion, vitamin D, in some manner, must also have a direct effect on 
the mineralization of bone. 

From previous tracer experiments with radioactive phosphorus, Cohn 
and Greenberg (2) reached the conclusion that the vitamin acts to aid the 
conversion of organic to inorganic phosphorus in bone. 

The work with radioactive phosphorus has now been follow’ed up by an 
investigation of the mode of action of vitamin D in the healing of rickets by 
means of tracer experiments with radioactive calcium and strontium. The 
experimental results lead to the conclusion that vitamin D exerts its heal- 
ing effect partly by favoring absorption of calcium from the intestinal 
tract and partly by exerting a direct influence on the process of mineraliza- 
tion in bone. 


EXPERIMENTAL 

The technique of the experiments was much the same as that previously 
nsed in the studies with radioactive phosphorus (2). Rachitic rats were 
obtained by rearing weaned young for 15 to 20 days on a modified Steen- 
bock-Black rachitogenic ration (see (2)). Doses of 0.2 to 0.3 ml. of ir- 
radiated ergosterol (10,000 U. S. P. XI units of vitamin D per gm.) or cot- 

* Presented before the Symposium on Bone Metabolism of The American Institute 
of Nutrition at the meetings of the Federation of Ajnerican Societies for Expen 
mental Biology, Boston, AprU, 1942. 
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tonseed oil were administered orally to paired groups of rats 72 hours and 
1 hour prior to administration of the radioactive materials. 

During the experimental period each rat was kept in a separate vire 
bottomed cage placed over a urine-feces separator. Collections of excreta 
were made at regular intervals. At the end of an experimental period, the 
rats were sacrificed and skinned. One femur was removed for ash analysis 
and the intestinal tract added to the last fecal collection. The rest of the 
carcass was placed in a beaker, covered with water, and then autoclaved 
for about 2 hours. This disintegrated the soft tissues and allowed the 
bones and teeth to be easilj" separated. Bones and incisor and molar 
teeth were collected, dried, weighed, and then ashed in an electrical muffle 
furnace. The disintegrated mass of soft tissues, vdth the skin added, was 
evaporated to dryness in an evaporating dish and also ashed. The ash 
•swas dissolved in HCl and made up to volume in volumetric flasks. Suit- 
'lie aliquots were pipetted into h ounce lacquered ointment tins' and evap- 

-ted to dr^mess in preparation for measuring the radioactivity. 

In a number of experiments such tissues and viscera as liver, heart, kid- 
ney, skin, and muscle were collected for separate measurement. This 
practice was discontinued, because the degree of accumulation of the labeled 
calcium and strontium in each of the above tissues was too small to be 
significant. 

The radioactive isotopes Ca^^ (one-half life, 180 days) and Si^ (one-half 
Ufe, 55 days) were prepared by bombarding the respective metals with 
deuterons in the University of California medical cyclotron (see (3)). 
Solutions of the lactate salts of the radioactive ionsy containing 0.5 to 2 
mg. of Sr^ or 1.5 to 4 mg. of Ca*, were administered bj' stomach tube or by 
intraperitoneal injection. 

The radioactivity of each dose of Sr* was approximately 10 microcuries 
and of each dose of Ca* 0.02 microcurie (1 microcurie == 2.2 X 10® counts 
on the Geiger-MuUer counter). 

The radioactivity of the Sr* samples was measured with a Lauritsea 
electroscope (sensitivity, 4000 units per microcurie) and of the Ca* samples 
on a scale of eight Geiger-Muller counter.^ A bell type counter tube with 
a mica window (4) was used to estimate the soft p radiations emitted by 
the Ca^^ A correction for the amount of radiation self-absorbed was ap- 
plied to the Ca* samples. The correction was obtained from absorption 
curves, determined by adding increasing amounts of rat ash to samples of 
Ca* lactate solutions of measured radioactivity. The correction for ab- 
sorption Was estimated from the weight of sample in each ointment tm. 

' Manufactured by the Buckeye Stamping Company, Columbus, Ohio. 

* An atomic symbol with an asterisk represents the element labeled with a radio- 
active isotope. 

» Built by the Cyclotron Specialities Company, Moraga, California. 
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The results of the experiments ^nth Ca* were not as consistent as those 
^nth Sr*, probably because of errors in estimating self-absorption, and 
chance contaminations with Sr*. 

The total of the radioactive Sr* or Ca* recovered from all samples of 
each animal was computed and the data corrected to a basis of 100 in 
each case. The range of the recover}” varied from about 70 to 110 per cent 
of the activity of the dose given. 

DISCUSSION 

The average values of the experimental results are recorded in Tables I 
and II. The values of Ca* and Sr* are expressed in terms of the percentage 
of the administered dose. The data for Ca* and Sr*, while differing in de- 
gree, parallel each other and lead to the same conclusions. This agrees 
with previous studies, which have shovm that in tracer doses the metabol- 
ism of strontium and calcium is closely akin (5, 6) Bone and tissues, 
however, show” a lesser degree of accumulation of Sr* than of Ca*. 

The partition of Sr* and Ca*, between excreta and the body, under the 
varjdng experimental conditions is shown in Table I. It will be observed 
that the excreta and the skeleton contain the bulk of the admimstered 
ions and that the amount present in the soft tissues is comparatively 
negligible. This is even more strikingly the case if one considers indi- 
vidual tissues such as skin, muscle, liver, kidney, etc. Because of the low 
degree of accumulation of Sr* and Ca* in the soft tissues, they were neg- 
lected in the consideration of the turnover of the above elements. No 
deductions of any significance w'ere apparent from the data of Ca* and Sr 
in the residual carcasses. 

The data of Table I show” that one of the actions of vitamin D is to pro- 
mote the absorption of calcium from the intestinal tract. This point has 
been stressed in particular in recent times by Nicolaysen (7), The varia- 
tion in the excretion of Ca* and Sr* under the different experimental con- 
ditions readity confirms this deduction. 

Upon oral administration of a dose of Ca* or Sr* to a rachitic rat, the 
fraction excreted in the feces is very high, amoimting to about 60 to #0 
per cent in 3 days. Approximately 20 per cent is eliminated in the urine 
and the rest is retained in the body. In the vitamin D-treated animals 
there is a decrease in the quantity of Ca* and Sr* in the feces and an in- 
crease of the amount put out in the urine. Examination of the fecal con- 
tents of Ca* and Sr* of the injected rats shows little difference in the in- 
testinal excretion between the rachitic and 'vdtamin D-treated animals. 
This result indicates that the true intestinal excretion of calcium is ap- 
proximately constant and is not appreciably fi^esAed by vitamin^r^ Usmg 
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the fecal values of Ca* and Sr* of the injected rats as a rough measure of 
the intestinal excretion, one calculates that in the rachitic rats dosed with 
Ca* and Sr* orally about 40 per cent of the Ca* and 45 per cent of Sr* 
passed through the gastrointestinal tract unabsorbed^ wlule in the vitamin 
D-treated animals only about 15 per cent of the Ca* and 30 per cent of the 
Sr* passed through unabsorbed. 

The bones of the vitamin D-treated animals retain a larger proportion 
of the labeled metal ions than do those of the untreated rats, as would be 

Table I 

Parlition of Labeled Calcium and Strontium in Body and Excreta of Rachitic and 
Vitamin D-Trealed Rats 


The values arc given in per cent of the total dose. They afG the means the 
mean deviations of four animals in each group sacrificed 3 day^ after Sr* adminis- 
♦nation, and the moan values of two animals given Ca*. 



Mode of ^ 
Qdmmistntion 

Urine 

Fcccs 

Skeletoz) 

Teeth 

Residual 

carcass 

Stron- 

Oral, no vit- 

21.3 2.1 

67.0 ±1.9 

9.5 ±2.1 

1.3 = b 0.5 

1.2 ±0.45 

tium* 

amin X) 
Oral, with 

32.6 ± 3.3 

CO 

-H 

CO 

cd 

-S' 

15.0 ±3.7 

1.35 ±0.1 

2.1 ±0.7 


vitamin D 
Injected, no 

61.8 =h 2,6 

21.0 ±1.9 

11.1 ±0.4 

2.6 ±0.8 

2.3 ± 0.4 


vitamin D 
Injected, 

48.8 dt 2.1 

17.3 ±4.4 

26.0 ±6.8 

2.5 ±0.25 

4.0 ±1.4 


with vita- 
min D 






Calcium*! 

Oral, no vit-l 

19.5 1 

60.0 

15.0 

l 2.1 

3.4 


amin D i 
Oral, with 

\ 

1 

29.4 

32.5 

31.0 

i 

3.5 

3.6 


vitamin D 
Injected, no 

44.0 

18.6 

28.0 

1 

16.5 

3.0 


vitamin X> 
Injected, 

25.0 ' 

18.0 

45.0 

6.0 

6.0 


with vita- 
min D i 



1 




expected. If the hypothesis, that the only action of vitamin D is to pro- 
mote absorption of calcium from the digestive tract, were correct, therachi- 
tic animals should retain as much of the injected Ca* and Sr* in the bone 
as do the vitamin D-treated rats. This is not found to be the case; the 
injected animals in a state of healing accumulate nearly twice as much Oa 

or Sr* pergm. of dry bone and about 1.5 times as much per gm. of bone 

(Table 11). In the vitamin D-deficient animals more of the 'r'^, 

and Sr* is run off into the urine (Table I). This finding is evidence that 
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ntamin D has a direct action on the mineralization of bone in rachitic 
animals, besides promoting healing indirectly b}' increasing the absorption 
of calcium from the digestive tract. 


Table II 

AcaimMlaixon of Radioactive Strontium and Calcium in Bone and Teeth of Rachitic 
and Vitamin D -Treated Animals 

Values for Ca* and Sr* in bone and teeth are in per cent of the administered dose. 
Analysis of the'bone was made on the femurs. 


Oral, no viLamia D 


Oral, with vitamin D 


Injected, no vitamin D 


Injected, with vitanin B 


Bone 


Radio clement 


Radio element 


Radio element 


Radio clement 

Per 

imi. 

bo?. 

Per 

gm 

bone 

ash 

Ash 

Per 

pn. 

dry 

bone 

Per 

gm. 

bone 

ash 

Ash 

Per 

bone 

Per 

gm. 

bone 

ash 

Ash 

i 

Per 

gm 

dr>' 

bone 

Per 

gm 

bone 

ash 


Strontium* (6 rats) 


1/ 

1 

3.9 

±1.0 

1 

12.5 

±4.0 

1 

Per cent 

34.1 

±8,0 

6.6 

il.5, 

16.5 

±4.3 

1 

per cent 

30 

±4.7 

1 

5.4 

±1.0 

1 i 

18 . 
±2.6 

1 

per cent 

37 

±8.0 ; 

1 

9.8 

±1.7 

1 

26.5 

±6.8 

Calcium* (2 rats) 


6.6 

22 j 

32.4 

1 13.6 

1 

; 42 

30.1 

' 12.6 

4.2 

' 35.8 

25.1 

1 71 


Teeth 



Radio clement 


Radio element 


Radio element , 


Radio element 

Bry weight 

j Total 
uptake 

Up- 

take 

per 

gm. 

dry 

weight 

Dry 

weight 

Total 

uptake 

Up- 

take 

per 

gm 

do' 

weight 

Dry 

weight 

Total 

uptake 

Up- 

take 

per 

gm 

dry 

weight 

Dr^' 

weight 

Total 
uptake 1 

Up- 

take 

per 

gm 

dr>- 

weight 


Strontium* (3 rats) 


Incisors 

Alolars 

tm. 

0.15 

0.13 

0.92 

0.20 

6.2 

1.6 

gm. 

0.15 

0.12 

0.98, 

0.26 

6,6 

2.2, 

gm. 

0.17 

0.14 

1 

1.34 

0.30 

' 

8.0 

2.2 

1 1 

1 gri 

0.19 

0.11 

[ i 

1 1 

1.60 

0.341 

1 

8.6 

3.3 





Calcium* (2 rats) 






Incisors 

i0.14 

2.1 

15.1 

0.17 

1 

3.5 

20.6 

1 

0.17 

1 

5.5 

' 32.3 

0.151 

4.2! 

28 

Alolars 

|0.12 

0.38 

3.2 

0.13 

0.75 

6.0 

0.13 

1.1 

8.5 

0.12 

1.0 

8.4 


The influence of 'vitamin D on the retention of calcium by the teeth is 
^all in comparison with its influence on bone. This is illustrated by the 
ta for the Ca* and Sr* uptake of the rat incisors and molars reported in 
Table II. 






















104 


MECHANiSRt OF VTTAJmN D ACTION 


I am greatly indebted to Professor E. O. LawTence and the staff of the 
Radiation Laboratorj’’ of the University of California for the supply of 
radioactive calcium and strontium. I am indebted to Elizabeth M. Cuth- 
bertson and to Frances M. Troescher for assistance vdth the experimental 
work. 


SUMMAKY 

Tracer experiments vnih radioactive calcium and strontium demon- 
strate that vitamin D promotes the absorption of calcium from the diges- 
tive tract. The data indicate that \dtamin D also exerts a direct effect 
on the mineralization of bone in rachitic animals. 
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CELL-FREE ALCOHOLIC FERMENTATION* 
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(Received for publication, September 19, 1944) 


Equation (1) of Harden and Young (1) states that 1 sugar molecule is 
fermented to CO 2 and alcohol, while a 2nd one is esterified to hexose di- 
phosphate (HDP). 

(1) 2C«H,jO. + 2R:HP04 = 2 CO 2 + 2C:HjOH + CeHioOiCKiPO,); + 2 H 2 O 

The reason for this chemical balance was found in the “coupling reaction’^ 
of fermentation (hleyerhof, Ohlmeyer, and Mohle (2)). The coupling 
itself is caused by the intermediary formation of a 1 , 3 -diphospho glyceric 
acid and the following transphosphorjiation with the adem^lic system 
(T^^arburg and Christian (3), Negelein and Brdmel (4)). 

3-GlyceraIdehyde phosphate 4“ phosphate + cozymase ^ l,3-dipho3phoglyceric 

(2) acid 4- dihydrocozymiase 

1,3-Diphospboglyceric acid 4- adenosine diphosphate ^ 3-phosphoglyceric acid 

(3) 4- adenosine triphosphate 


Since adenosine triphosphate (ATP)^ transfers its labile phosphate to 
glucose, for eveiy mole of triose phosphate oxidized 1 mole of inorganic 
phosphate is taken up by' the fermenting ^rstem. Besides this uptake, an 
internal cycle exists for the second phosphate group, which is already’' 
present in the triose phosphate and after oxidation appears finally in the 
phosphopyruvic acid. This phosphate is also transferred to glucose or 
hexose monophosphate and reappears therefore in a new molecule of triose 
phosphate. This internal cycle does not add new^ phosphate to the system 
in the stationary state and can therefore be omitted from the discussion. 

However, another aspect of the reaction of Harden and Yoimg 
obvious. In cell-free fermentation tw'o phases follow each other. F^ 
there is a rapid phase, “phosphate period,’’ for which equation (1) app es, 


* This TV’ork was supported by grants from Ho£fmann-La Roche, Inc., 2sutley, 
New Jersey, and the Penrose Fund of the American Philosophical 
^ Throughout this paper the following abbre\’iations are used . HP 
^phosphate, ATP for adenosine triphosphate, APP for adenosine diphosphate, 
wr adenylic acid, and apyrase for adenylpjTropbosphatase. 

Ickar (5), I use the name adenylpyrophosphate for ATP and » nn 
or those dephosphorylating enzynnes, which do not distinguish be '^seen > 
^•hile ATP-ase and APP-ase may be used for the one-step enzymies. 
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then a second slower phase, when either the inorganic phosphate or the 
free sugar is exhausted, dependent on which compound was added in 
excess at tlie start. During this period the fermentation rate is controlled 
by the fermentation of HDP (6). In the absence of a phosphate acceptor 
ATP, resulting from reaction (3), can be split only by means of the enzyme 
adenylpyrophosphatase (apyrase) . 


(4) ATP == ADP + phosphate =» AA -h 2 phosphate 


Since the highest rate obtained in cell-free sugar fermentation may 
approach the fermentation rate obtained ^^ith an equivalent amount of 
living yeast (7), and since the rate of fermentation of HDP is generally 
only a tenth of this or less, one may attribute the origin of the two phases 
to a destruction of the greater part of the apyrase of living yeast during the 
procedures of drying, macerating, and extracting. The apjTase would be 
the most sensitive and least extractable of all enzymes of fermentation. 
This hypothesis, made many years ago by the author (8), v’as never 
strictly proved and while it has met with some approval (Harden (9), 
Lynen (10)), others have disagreed. I vnW not deal here with proponents 
of different pathw^ays of sugar breakdowm in Imng and non-living yeast, 
either non-phosphorylating fermentation in the former (Nord (11)) ^ 

partial phosphorylation (Nilsson (12)). More serious objections could be 
raised against the theory of “apjTase destruction” from other observations. 
The complicated w'ay in which HDP in the presence of arsenate loses its 
phosphate groups in the absence of apjTase (Meyerhof and Juno\ncz- 
Kocholaty (13)), simultaneously maintaining the liigh rate of sugar fer- 
mentation, could favor the idea that an analogous ^Yay maj’’ exist in the 
living cell, and that it could be destroyed by disorganization or by the 
various procedures for obtaining the yeast preparations. Or, one ina> 
assume the presence of a special labile enzyme in the living yeast whic 
splits off the carboxjd phosphate without an}’' interference of phosphate 
transfer (c/. (14) for splitting off acetyl and succinyl phosphate). Fina 5 
in the living cell transphosphorjdation may be connected with the formation 
of higher carbohydrates and the phosphate may be split off by a reaction 
similar to the Cori reaction (15). 

(5) Glucose -1 -phosphate + glucosidic group ^ maltosidic group + phosphate 


It appeared w^orth while to settle this matter experimentally- 
The investigation was extended in t\vo directions: (1) a study o 
behavior of apyrase of yeast and its distribution between the hqui 
sohd components of the cell in connection with the fermentation ra 
HDP, as well as the means for preserving and separating this 
addition of apyrase of foreign origin to fermenting yeast of 

Such an ad(htion, if made in sufficient amount, should raise ^ 
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fermentatioa of HDP to the level of fermentation of free sugar, or to the 
“arsenate ievel.“ 

Both series have led to complete verification of the hypothesis that 
destruction of ap}Tase is responsible for the two phases of cell-free fer- 
mentation. 

Methods 

Yeast preparations were made from Schmidt^s brewers’ yeast.^ 

For destruction of the yeast a modified Peirce magnetostriction oscillator 
with a frequency of about 8900 cycles per second, constructed and de- 
scribed by Chambers and Flosdorf (16), was used,^ The apparatus has a 
cooling system of running water, 6 gm, of well washed, fresh yeast in 16 
cc. of distilled water (or 13 cc. of distilled water + 3 cc. of 0.1 n glutathione) 
were exposed to sonic vibrations for 90 to 100 minutes. About three- 
fourths of the yeast cells were destroyed in this period of time. Ceil debris 
was removed by centrifugation in an angle centrifuge in the cool room and 
the cloudy supernatant solution used. 

Frozen yeast was prepared by keeping lumps of yea^ft in liquid air for a 
period of 12 to 16 hours. After melting, the mass was either diluted with 
water and used as such or it was centrifuged, the supernatant liquid sepa- 
rated, and the cell fragments washed several times with ice water. Juice 
and fragments served for different experiments, 

ATP was prepared from rabbit muscles by B. D. Polls and myself,^ 
according to Kerr’s procedure (17), which gives somewhat higher yields 
than that of Lohmann (18). We contented ourselves wth one reprecipita- 
tion of the barium salt in weakly acid solution. The air-dried salt had a 
total P content of 10 to 11 per cent, 63 to 67 per cent of which was 7 
minute P. 

Fermentation was measured %vith Warburg's manometric technique. 
Flasks of 35 cc. capacity were used with, two side bulbs. Sugar or HDP 
was introduced in one bulb and special reagents, such as potato apyrase, 
in the other. The gas space was usually filled with air. If sugar is fer- 
mented at pH there is practically no retention of CO 2 . But this is differ- 
ent with HDP, in which, with the splitting off of phosphate, basic equiva- 
lents are developed (Meyerhof and Suranyi (19)). The retention of CO 2 
amounts to 1.24 and all measured values of CO 2 fomation must be multi- 
plied by this factor. 

Apyrase from potatoes was recently described hy Kalckar (6). He puri- 

* I thank C. Schmidt and Sons, Inc., Philadelphia, for an ample supply of fresh 
brewers’ yeast. 

* I thank Hr. Leslie A. Chambers of the Johnson Foundation for Medical Physics 
for permission to use the oscillator, and Dr. J. Conway and Miss J. Clawson for their 
help. 

* Further studies on purification of apyrase will be published by us. 
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fied the enzyme starting ^^dth a potato extract, which was cleared of most 
of the proteins by 0.6 saturation with ammonium sulfate. Probably m\ing 
to differences in the extracting procedure this method failed in my hands. 
I precipitated a large part of the inert protein by 0.4 saturation (30 gm. of' 
solid salt to 100 cc. of solution). The solution was concentrated after 
addition of a further amount of solid salt (20 gm. per 100 cc.), until it reached 
full saturation. The precipitate was dissolved in water, diab'zed for 2 
hours, and centrifuged. The solutions used for the manometric experi- 
ments contained 5 to 12 mg. of protein per cc., 0.1 cc. of which splits 200 
to 300 7 of 7 minute P from ATP in 5 minutes at 30® at pH G. 

Protein content was determined by the biuret method (Robinson and 
Hogden (20)). For measuring tlie apyrase activit}’’ of the different prepa- 
rations, the properly diluted enzj’^me was incubated ^nth ATP, containing 
350 to 450 7 of 7 minute P, in 1,4 cc. total I'olume, and the turnover meas- 
ured at 30° after 5, 10, and 15 minutes. 0.1 to 0.2 cc. of 0.1 M glutathione 
was always added, because of its beneficial effect on all kinds of appase. 
For the yeast enzjTne, veronal buffer in the optimal range of pH 9 was 
used; for potato ap^nrase, succinate-borax at pH 6. 

Results 

Apyrase fro77i Yeast, Distribution in Connection mith Fermentation Rate — 
Generally the separation of the two phases of sugar fermentation is more 
distinct with yeast extracts (press juice, maceration juice) than with solid 
preparations (dried yeast, acetone yeast, frozen yeast, etc.). According 
to the proposed hypothesis this should result from thc^uii equal distribution 
of apyrase 'between the solid elements and. the juice of the cell. The 
structural elements, containing more of the enzryune, w^oiild ferment HDP 
quicker, which would render the transition from the first to the second 
phase of sugar fermentation less marked. 

This is actual!}’' the case. A good material for demonstration is yeast 
frozen in liquid air. When the thaw^ed yeast is centrifuged and the solid 
elements removed, the juice ferments glucose easil}’" but reacts on HDP 
extremely slo^vl5^ On the other hand, the solid elements \vashed several 
times wdth ice water, unable to ferment alone because of lack of coenzjTnes, 
show a high rate of fermentation of HDP after addition of the pure coen- 
zymes or of boiled yeast juice. 

The same volume of ivashed fragments splits ATP 6 times as fast as t 
juice, as e.g. in Table I, Protocol M177, w’here the HDP fermentation rate 
of the juice is 19.0 per cent that of the fragments (with boiled juice), t e 
apyrase activit}" 15.5 per cent (without boiled juice). In Table I a nuni er 
of experiments are reproduced with different yeast preparations. The mo e 
turnover of HDP, measured by COs, and of ATP measured by 7 miuu e 
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split off in a parallel sample under similar conditions, is very nearly the 
same in all cases. 

It follows from the above experiments that apyrase of yeast is an enzyme 
bound to the cell structure. Supersonic vibration often brings such en- 
zymes into solution; the same is true for apyrase. After 90 to 100 minutes 
oscillation of yeast, two layers are obtained in an angle centrifuge, a super- 
natant cloudy solution and a precipitate consisting of cells and debris. 
This precipitated fraction is rather inactive, nearly all activity being found 
in the cloudy suspension. But here again it is not the suspended particles, 


Table I 

Fermentation Rate of HDF and Dcphosphorylation of ATP by Same Yeast Preparations 
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1 cc. total 

25 

60 
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0.23 

6.9 
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0.60 
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22 
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0.76 
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23.8 
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16.5 
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but the solvent which contains the enzymatic activities of fermentation. 
The particles can be removed by centiifuging at 10,000 k.p.m., mth little 
change in fermenting power. However, since high speed centrifuging was 
generally not available, the cloudy supernatant was used directly in most 
of the experiments. 

The rate of fermentation of HDP is about 20 per cent of the maximal 
^ate of glucose. The rate of this fermentation agrees vnth the speed of 
^^phosphorylation of ATP. Often a complete quantitative agreement is 
obtained (Table I, Protocols M182 and M189). 

Some Purification Steps of Dissolved Apyrase from Yeast ^The enz3Tne 
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<iissolved by supetsomc treatment is highly unstable. Er^en if kept m the 
ice box, the apyi’ase activity diminishes in some hours to a fracUon of the 
initial activity. Various means were found to stabilize the enzjmie in 
ooimection with some purification. The beneficial influence of glutathione 
has already been mentioned. Glutathione was added to the yeast before 
vibration and again to the test solution, so that the final concentration was 
about 2 X 10“^ M. The optimum pH is 9, outside the range of most other 
fermentation enzj^mes of j’^east. making use of tins fact, a clear solution 

of relatively high activity could be obtained by mbfing the supersomc 
solution with the same amount of 10 per cent bicarbonate, and cent^u^g. 
But the stability of this cleared solution was not very much improved. A 
better procedure is the addition of ethyl alcohol to a concentration of 10 
to 15 per cent. This forms a precipitate of the suspended particles and 
part of the dissolved protein and leaves the enzjune in solution.' With 15 
per cent alcohol nearly 50 per cent of the total protein is removed and only 
10 per cent of the total activity lost. Adding to tlie solution a tenth of 
its volume of a concentrated suspension of Al(OH) 3 and centrifuging remove 
a further 30 to 40 per cent of the remaining protein.^ This solution is now 
stable for use daring 24 hours with a loss of activity^ 
Even if kept for a week in the ice box, only a third of the activitj^ is lost. 
Such a solution has an activity of Qp ^ 250 at 30°, ® compared uith ^ 

100 for the supersonic solution under optimal condition^, or with 20 to 30 
in the pH range of fermentation. 

Some Properties of Dissolved Apyrasc from Yeast — Apyrase from yeast 
exhibits the same pH optimum as apyrase from muscle ^nd also an activa- 
tion by some bivalent cations. But Ca, which strongl^i^ activates ATP- 
ase of myosin (21), has here a depressing effect. Mn, however, activates 
apyrase of yeast, u^hile Mg seems ineffective. Since the solution already 
contains the metal components of the yeast, an exact picture of the activat- 
ing ions cannot be obtained in this u^ay. An especially interesting feature 
is the high sensitivity to sodium azide, while KCN is ineffective. This 
inhibition is much stronger at pH 9 than at pH 0, at which the inhibition 
of hemin catalysis by azide occurs. 2 X 10'“^ n azide inhibits about 60 
per cent, 1 X 10“^ 40 per cent. The inhibition is not quite the same vith 
different preparations, but is of the same order of magnitude. On the 
other hand, the inhibition is not complete even with much higher concen- 
trations. Absence of glutathione does not change the irihibition by azide, 
and changing the concentration of Mn also has no appreciable effect 
Since KCN is ineffective, it is improbable that iron is the responsible mtai 

* Similar steps were used by Kalckar at a higher level of purity for potato 

« Qp calculated'like Qco, (31 7 of T « 22 A c.TQm.) , Q « c.tmn. turnover per J 
of dry weight m 1 hour. 
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for the azide inhibition. Neither myosin nor potato apjTase is affected 
by azide (Table II). 

Increase of Fermentation Rate of Hexose Diphosphate to Arsenate LeveV’ 
hy Addition of Apyrase from Potatoes — If the slow rate of fermentation of 
HDP compared ^\’ith sugar is due to a preferential destruction or removal 
of apjTase in the yeast preparations, then addition of enough apyrase from 
other sources must raise the fennentation rate to that of sugar or to the 
arsenate level! In 1934 it was sho^^^l ( 6 ) that under optimal conditions 
the arsenate rate (uith 2 X 10~^ m arsenate) equals or surpasses the maxi- 
mum rate of sugar fermentation in the phosphate period. Some time 
later it was found ( 22 ) that addition of creatine together vdth the enzyme 
fraction of muscle, containing the transphosphorylase for creatine, raises 

Table II 
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- 

5 

1.8 X 10-* 

30 

72 


the speed of fermentation of HDP in maceration juice to the arsenate level. 
This experiment proves that the turnover of HDP in the presence of a 
phosphate acceptor conforms to that necessary for a true intermediary of 
sugar breakdown. Now it will be shown that the same happens in the 
absence of a stoichiometric amount of phosphate acceptor by a sufiSciently 
high concentration of apyrase. This result was achieved vith the help of 
purified apyrase from potatoes. The advantage of this enzyme compared 
)nth others, especially with myosin, is its high stability and concentration. 
Its favorable optimal pH range at 6 (close to the optimum of fermentation), 
a^d its easy solubility in w^ater. Kalckar has obtained purified prepara- 
^ns, which split 5 to 7 7 of P in 5 minutes at 30° per microgram of protein. 

y own less purified preparations with an activity of only 10 per cent o 
this, are nevertheless, per cc., at least 10 times more active than the most 
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dissolved by supersonic treatment is highly unstable. Even if kept in the 
ice box, the apyrase activity diminishes in some hours to a fraction of the 
initial activity. Various means were found to stabilize the enzyme in 
connection with some purification. The beneficial influence of glutathione 
has already been mentioned. Glutathione was added to the yeast before 
vibration and again to the test solution, so that the final concentration was 
about 2 X 10“* M. The optimum pH is 9, outside the range of most other 
fermentation enzjnnes of yeost. By making use of this fact, a clear solution 
of relatively high activity could be obtained by mixing the supersonic 
solution with the same amount of 10 per cent bicarbonate, and centrifuging. 
But the stability of this cleared solution was not very much improved. A 
better procedure is the addition of ethyl alcohol to a concentration of 10 
to 15 per cent. This forms a precipitate of the suspended particles and 
part of the dissolved protein and leaves the enzyme in solution. With 15 
per cent alcohol nearly 60 per cent of the total protein is removed and only 
10 per cent of the total activity lost. Adding to the solution a tenth of 
its volume of a concentrated suspension of Al(OH )3 and centrifu^ng remove 
a further 30 to 40 per cent of the remaining protein.^ This solution is now 
sufficiently stable for use during 24 hours ivith a small loss of activity. 
Even if kept for a week in the ice box, only a third of the activity is lost. 
Such a solution has an activity of Qp = 250 at 30®,® compared with 50 to 
100 for the supersonic solution under optimal conditions, or with 20 to 30 
in the pH range of fermentation. 


Some Properties of Dissolved Apyrase from Yeast — Apyrase from yeaSD 
exhibits the same pH optimum as apyrase from muscle and also an activa- 
tion by some bivalent cations. But Ca, which strongty activates ATP- 
ase of myosin (21), has here a depressing effect. Mn, however, activates 
apyrase of j^’east, wdiile Mg seems ineffective. Since the solution already 
contains the metal components of the yeast, an exact picture of the activat- 
ing ions cannot be obtained in this way. An especially interesting feature 
is the high sensitivity to sodium azide, while KCN is ineffective.^ This 
inhibition is much stronger at pH 9 than at pH 6, at which the inhibits 
of hemin catal3^is by azide occurs. 2 X 10“"* n azide inhibits about 
per cent, 1 X 10^ 40 per cent. The inhibition is not quite the same vni 
different preparations, but is of the same order of magnitude. On ^ 
other hand, the inhibition is not complete even mth much higher concen 
trations. Absence of glutathione does not change the inhibition by 
and changing the concentration of Mn also has no appreciable e ec • 
Since KCN is ineffective, it is improbable that iron is the responsib e me 


« Similar steps were used by Kalckar at a higher level of purity for potato ap 
« Qp calculatedTike QcOj (31 7 of P = 22.4 c.mm.), Q =* c.mm. turnover p 
of dry weight in 1 hour. 
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In this case, addition of ATP alone cannot have an effect because tlie 
enz^Tnc is saturated with it. But if a great excess of enzyinc is added, the 
situation is different. Now the enzyme is no longer necessarily saturated 
by the preexisting amount of adenine nucleotide. It is moreover interest- 
ing to note that the highest possible rate obtained with an excess of ehzjTne 
is a little more than the arsenate level (Figs. 2 and 3, and Table III), Now 
another enzjTnatic system, and not the apyrase, controls the speed. 

In order to obtain this result, the added amount of apyrase, measured 
in terms of 7 minute P split at 30° under optimal conditions, must be about 
3 times as high as the amount of HDP fermented at the aisenate level. 



Fig. 1. Rate of fermentation of HDP in supersonic solution (Protocol M2S5). 
Curve I, without additions; Curve II, + 0.7 cc. of potato apyrase; Curve HI, 
+ 0.7 cc. of potato apyrase + 0.2 cc. of ATP (280 7 of 7 minute P); Curve IV, + ar- 
senate (2.5 X lO-’ m). All samples contain 0.5 cc. of supersonic yeast solution, 0.4 
cc. of boiled juice, 0.1 cc. of 0.1 n glutathione, 1 X 10-= m CaClj, 5 X lO"* m MnSOi, 
0.7 cc. of HDP with 3.0 mg. of P, introduced from one side bulb in the beginning; 
the above additions made 6 minutes later from the other side bulb. Volume of fluid 
2.6 cc., 27°. 

Besides the somewhat lower temperature of the fermentation experiments 
(28 and 25°), this apparently is due to a lowered activity of the apyrase 
in the fermenting mixture. Especially the Ca ion concentration is here 
suboptimal for potato apyrase, since otherwise it would inhibit the fer- 

nientation. 

Bxampk—ln Protocol M287 (Fig. 2) the maximal .speed is 172 c.mm. of 
CO, per 3 minutes or 4.9 mg. of P per hour. The arsenate level is reached 
0.7 cc. of potato apyrase, which splits under optunal conditions 19 mg. 
of 7 minute P per hour. But with 0.3 cc. of an apyrase solution of similar 
strength, which splits 8 mg. of 7 minute P per hour, the curve doK not 
reach the arsenate.Ievel, but remains at 125 c.mm. of CO 2 per minute. le 
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Fiq. 2. Rate of fermentation of HDP and ^ucose in supersonic solution (Protocol 
Curve I, HDF witfiout additions ; Curve 11, HDP -f 0,7 cc* of potato ap>Tase 
•f ATP; Curve III, HDP + 0.3 cc. of potato apyrase + ATP; Curve IV, HDP + ar- 
senate (2.5 X 10“* m); Curve V| glucose (12 mg.) -f- arsenate. Other components are 
like those in Fig, 1. 



Fio. 3. Rate of fermentation of HDP in juice of frozen yeast (Protocol 
Temperature 29^ Curve I, HDP, without additions; Curve II, + 0.6 
apyrwe + ATP; Curve III, + 0.3 cc.,of potato ap>Tase 4* ATP; Curve IV, + ^ 

nale All samples contain 0.6 cc. of yeast juice and the other components as m h- 
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same is true in the other experiments. In Protocol M290 (Fig. 3) the 
arsenate level corresponds to 136 c.mm. of COj per 3 minutes or 3.76 mg. 
9f P per hour. Witli potato ap 3 Tasc splitting 14.2 mg. of 7 minute P per 
hour, 170 c.mm. of CO 2 per 3 minutes arc obtained, a figure appreciably 
above the arsenate value. However, with half the amount of apyrase, 
only 116 c.mm. of CO 2 per 3 minutes are obtained, which is below the 
arsenate level. For comparison the content of apyrase in the solution is 
expressed in xmits, 1 unit being the amount of enzyme which splits 1 mg. of 
P per minute at 30° under optimal conditions (Table III). 

TMiile added ATP alone is vathout effect on the rate of fermentation of 
HDP, AA, as shown by Ohlmeyer (23), increases the rate because it serves 
as P acceptor. Its effect corresponds in amount and duration to the 
phosphorylation of AA to ATP. Simultaneously some of the HDP is split 
to hexose monophosphate, in the reaction 

(6) AA -i- 2HDP == ATP + 2 hexose monophosphate 

This reaction, in going to the right, requires energy and is coupled with the 
oxidation-reduction step of fermentation. But the hexose monophosphate 
generated in this way has apparently no great influence on the fermentation 
speed. If potato extract is added together Avith AA, the system, 
complete phosphorylation of the AA, is identical with that formed by 
addition of ATP and potato extract and behaves similarly (Table III, 
Protocol M284). 

Very suitable preparations to demonstrate these effects are the ye^t 
suspensions after supersonic vibration, cleared from cells and ^ ^ 

centrifuging, or yeast frozen in liquid air and centrifuged after t awmg ^ 
obtain the clear juice. With supersonic solutions the arsenate eve is 
about 5 to 8 times the rate of HDP fermentation in the absence of arsenate, 
and the increase with excess of potato apyrase corresponds to ^ ^ ^ 

With frozen yeast, in which most of the yeast apyrase remains boun 0 ^ e 
solid particles, the arsenate level of the full suspension (particles ^ jmee 
is only 3 times the ordinary rate. But after the solid cell matena is re 
moved by centrifuging, the rate of HDP fermentation is very low, and now a 
spectacular increase of speed of about 15 times occurs with t e po 
enzyme as well as with arsenate (Fig. 3). , . 

These ratios must not be taken as rigidly fixed. They depen 
on the dilution of the extract and on the amount of coenzymes ^ ® 

fortifying” the enzymatic system. In the supersonic solutions e y 
was diluted during the vibration and again afterwanls, so that t ® 
tration of the soluble substances became one-twentieth of that in e 
yeast. Most often some boiled juice was added in the fermentation 
ments, but even -with this addition the dilution was still about one 
^at of livmg yeast. Addition of cozymase had little effect an 
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generally' omitted. The absolute speed would be considerablj- increased 
if the dilution \TOro less, but it was not ad\dsable to have such high speeds 
for exact measurements; nor was it feasible to have higher concentrations 
for effective destruction of tlie yeast by vibration. Even under these 
relatively unfavorable conditions the maximal fermentation rate of HDP 
in the presence of potato ap 5 Tase amounts to 40 to 50 per cent of that of 
free sugar for the same amount of living j'east (Qcox about 150 at 25®, 
instead of 300 to 350 for li^dng yeast). For celFfree juice oF Frozen yesst 
the figure is about Q(^Ox 80 nud for total fro 2 en yeast Oco* == ^00. In 



Fig, 4. Rate of fermentation of glucose in juice of froxen yeast (Protocol M290b), 
Temperature 29'^. Curve I, without additions; Curve II, the same, but at arrow (36 
minutes) 0.5 cc. of potato apyrase added; Curve. Ill, arsenate (2.5 X UT* m)* 
All samples contain 12 mg, of glucose, with HDP (0:2 mg. of P) and 0.5 mg. of acetal- 
dehyde. Other components are like the experiments in Fig. 1. The peak of Curve H 
comes earlier than that of Curve I and is higher, because the enzjTue mixture of 
Curve II is somewhat more concentrated before the addition of 0.5 cc. of potato ex- 
tract. Afterwards the concentration of both samples is the same. 

all samples some acctald^ydc (about I mg.) was introduced togetlier with 
the HDP to shorten the induction period. For the same reason tlie glucose 
solution added contained acetaldehyde as well as a trace of HDP (24). 

For ascertaining that transphosphoiylation plan's no part in fhe high 
rate of HDP fermentation, changes of inorganic phosphate were deter- 
mined simultaneously tvith GO* in several experiments. The ratio, mole of 
H 3 PO 4 .‘^plit to mole of CO;, was ahvaj-s close to 1 , until the high tumov^ 
in the presence of potato apyTase. A great deviation from this ratio 
occuis only at a very- slow fermentation because of higher carhohydmtes 
(prepjdsting in yeast juice), wliich can be phosphorydated by means of the 
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Cori reaction, thus diminishing the amount of free phosphate. For exam- 
ple, in Protocol M287 (Tabic III) the microequivalents of phosphate split 
in 1 hour were 91, 93, and 3, for HDP + potato apyrase, HDP + arsenate, 
and HDP ^\^thout addition, while the respective CO 2 microequivalents 
were 89, 86, and 15. 

The high rate of fermentation is maintained until the HDP is nearly 
exhausted. The amount added was about 90 microequivalents (2.8 mg. 
of P). 

In general it is difficult to carry out the same experiments with glucose 
instead of HDP. Here, too, it could be presumed that when potato enzyme 
would be added from the start of the fermentation the system would be- 
have as in the presence of arsenate; so that the maximum rate attained 
during the phosphate period would be upheld until all glucose is fermented. 
But apparently on account of the impurities which accompany the potato 
apyrase this does not happen. The extract interferes considerably during 
the phosphate period with the fermentation of glucose. Theoretically 
only half of the amount of apyrase should be sufficient for the maximal 
fermentation rate of glucose as compared with that of HDP, since for 2 
sugar molecules only 2 phosphates have to be removed by apyrase. This 
expectation cannot be tested for the reasons given above. But if one waits 
until the peak of the fermentation rate of glucose is passed before introduc- 
hig the potato extract, then the rate of fermentation rises again to the 
arsenate level, because in this second period the splitting of HDP controls 
the rate (Fig. 4). 

All these facts show conclusively that the two phases have originated 
from a relative deficit of apyrase in the dead yeast preparations. 

DISCUSSION 

The glucose molecule passes anaerobically through twelve stable inter- 
mediary stages before becoming alcohol and CO 2 ; at least three dissociable 
organic coenzymes, twenty or more enzyme proteins, and some bivalent 
metals (Mn, Mg) are necessary for the breakdo^vn. Since every single 
reaction concerned may be varied in speed according to the dilution of the 
poenzymes and other reactants and to the activity of the enz 3 mie proteins, 
it is small wonder that many variations occur in yeast preparations in 
regard to the speed ^vith which glucose and HDP ferment, or in regard to 
l^e amount in which the mono- or diesters of sugar accumulate. But in 
spite of this, the separation of the cell-free fermentation of sugar into two 
more or less distinct phases of very different speed, the phosphate perio 
^iid the HDP period are a customary feature. 

The most extensive work devoted to this problem is that of Nilsson ( 

^ho, between 1936 and 1942, investigated yeast preparations w’hich either 
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showed the usual break when half of the sugar was fermented or did not 
show it (iniakie Trockenhcfc^). 

In the latter case addition of cjd^oljlic agents, dyestuffs, etc., induced 
the appearance of this break. Summarizing his numerous papers in a 
lecture ( 25 ) given in Heidelberg at the same place where the modem scheme 
of sugar fermentation was developed, Nilsson rejected this scheme because 
of these findings. The break according to this author proves the decompo- 
sition of thehexose into one phosphorylated and one unphosphoi^datedhalf 
which ferment in the living yeast \rith equal speed. After an organizing 
principle in the living yeast is destroj^ed, onl}'’ the xmphosphorylated half 
ferments in 3’‘east preparations, while the other half '^abnormalfy^^ con- 
denses to HDP.® 

In the present paper it is shown that this accumulation of HDP is due 
to a relative deficit of apyrase, which is the most sensitive enzjune of fer- 
mentation in yeast and therefore more damaged than the others. Ail 
observations of Nilsson are easily explained hy the greater or smaller 
destruction of the yeast apyrase in his different preparations. Of course - 
fermentation of glucose, and HDP in the absence of glucose, cannot be 
compared quite strictl3^ Very small differences of the concentrations of 
coenzymes, of the pH, and of the total salt present can have a great influence 
on the speed of fermentation. In glucose fermentation the phosphate 
diminishes, in fermentation of HDP it rises, and the pH changes in both 
cases differently. Nevertheless, in all sj^'stems investigated here, the 
highest rate obtained with HDP and excess of potato apyrase was at least 
the same, but mostly higher, than the highest rate obtained with glucose. 
A better comparison is given by the fermentation of HDP in presence of 
arsenate, because this fermentation is independent of apjTOse. With addi- 
tion of enough apyrase this arsenate level is always reached or exceeded. 

SUMMARY 

The two phases of cell-free alcoholic fermentation of j’^east, the fast 
“phosphate period” and the slow “hexose diphosphate period,” result 
from a destruction of the sensitive and structural!}^ bound adeii3dp3TO- 
phosphatase of the living 3^east by the dr3dng and extracting procedure. 

^ A sharp break just after fermentation of half of the sugar is to be expected if, 
at the time when all sugar has disappeared by fermentation and esterification, in- 
organic phosphate is still available. If, on the contrary, all of the inorganic p os- 
pbate is esterified before the free sugar is exhausted, two breaks occur, one at the time 
when the phosphate disappears and a second one when the free sugar disappe . 
Then for two phosphate groups liberated from the ester only one hexose J 

instead of two. Actually for many reasons, including a partial formation o* 
monophosphate besides diphosphate, the breaks are often rather 
from the mere aspect of the curves, which is the sole criterion used by iNwss , 
cannot always be decided what caused the break, 

»Fot further discussion, refer to the author’s review (26). 
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Two series of experiments prove this thesis. (1) In different preparations 
of yeast the adenylpjTophosphatasc remains mainly with the solid ele- 
ments. Fermentation of hexose diphosphate lOins parallel to this distribu- 
tion and the rate of fermentation agrees closely with the activity of the 
adenylpyrophosphatase of the same preparation. (2) By addition of 
concentrated adenylpyrophosphatase of foreign origin (potatoes) to fer- 
menting yeast juice, the fermentation rate of hexose diphosphate is in- 
creased to the maximal rate of sugar fermentation, or to or above the 
"arsenate level/* 

Some properties of adenylpyrophosphatase of yeast are described. Su- 
personic vibration brings a large part of the enzyme into solution. The 
(hssolved enzyme can be parti ally’^ purified, and is stabilized by purification. 
It is highly sensitive to sodium azide, 2 X 10“^ n inhibits over 50 per cent 
but it is insensitive to KCN. 


Acknowledgment is due to Miss Mildred Bruzas and Miss Nevena 
Geliaskova for valuable help. 
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MrCROBIOLOGICAL ACTIVITY OF S^^THETIC ITS 

OPTICAL ISOMERS, AND RELATED COJ>IPOUNDS 

Bt JACOB L. STOKES a.vd IvURION GUKNESS 
(From the Research Laboratory of Merck and Company, Inc., Rohxtay, A eir Jersey) 

(Received for publication, June 15, 1944) 

In a previous report, sjTithetic and natural ^ 17-5 (1). 

identical growth-promoting properties for Lactohaci us ara ^ 

This pap^r gives a mor^ detailed comparison of these 
groudh of four other biotin-requiring nucrooiganisn^. desthio- 

of s^mtbetic dl^ and f-biotin, d/-aUobiotin, c/Miamino acid 
biotin,' and the probable biological transformation of the latte 
are also presented. , . the 

During the ^^■riting of the present paper, Z atilitv of 

conversion of desthiobiotin to biotin b)' 1 . Z rnicrooreanisms 

the former to replace biotin in the nutrition ® wjidv -DubMied 

(4). Results reported here confirm and extend “ Hhns^cnsci (5), 

The organisms used included three bactena, ac ^ yeast, 

Lacidbacillus arahinos;us 17-5 (6), and Rhizohium 

K.4 (8); nnd a fungus, 'f™”™ 

M m. LenJ ote y.«.ta u'ere aUo tested “ S- 

wth desthiobiotin. The media and procedures js ere, n g 

ifications, those described in the literature cit • Laciohacilhts 

Sjmthetic biotin was as potent ° was only 50 per 

cam and Laclobacillus arabinosus (Table )• However, 

« a«iva, u-hich a-ould be eap«;.<i U S ^SttbT.e.eri.: 
7-biotin when used in large amounts supported g ^ 

This is probably due to incomplete separation Contamination 

its potency ■varied 'nith different crj'staUme prep . of activity of 
mth traci of df-biotin may also explain the small degme of acP J 

e^teeets ^ Sdt^^f. » 

cerevisiae, and Neurospora sitophila gaie resul 

with the lactobacilli. ^ na^dilv vdth aA-idin 

Sj-nthetic biotin, like the natural product, combmed readilj .n 

and could be liberated from the latter bj' heat. enlits the urea 

Heating biotin with alkali, under the proper 

* We are indebted to Dr. S. A. Harris for the compounds refer to 

J.C.Keresrtesj- for a sample of natural biotin. For the other co 

Harris et al. (2). 
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ring ^rith loss of the CO group (10). The diaroinocarboxylic acid thus 
formed has 10 per cent (molar basis) the acti\dty of biotin for Saccharomyces 
cercvtsiae (11), This compound,* obtained synthetically as d^-diamino 
acid sulfate, v^as 3.G per cent and 7.2 per cent as potent as biotin for 
LaclobactUtis araln7iosiis and LaclobactUiis ccscty ^espectivel3^ These figures 
are based on the assumption that only the d form is active, since only the 
d form of the complete vitamin is active. This further emphasizes the 
importance of the urea ring for the full hfologicai aethdiy of biotin. 


Table I 

Acixmty of Synthetic Biolin and Slercoxsomcrs Compared (o Katxiral Bioiin 


Coinptmnd i 

1 Per cent acUvitj 


Lactobacillus cases 

Lactohacillsis arabinosus 

Biotin 

m 

101 

dt-Biotin 

51 

52 

l-Biotin 

0 02-1 

0.019, 0.075, 0 030, 0.006* 

dZ-Allobiotin 

j 

0 003 

0.002 


* Each value is for a different crj'stalhne preparation. 


Table II 

Growth of Bioitn-'Reqtnnng liftcroorganxsms vnth Desihxohiohn 


Organism 

Lactohactllm casci 

orabinostis 17-5 
Rhtzobium infolii 209 
Neurospora stiophtla 299 
Saccharomyces cerevxstae F6 4 
** “ 139 

** ** Gebrfider Mayer 

Schwanniomyces occxdcntalis 116 



Replacement of the sulfur atom in biotin by 2 h3»^drogen atoms (12) 
also profoundly affects microbiological actmty. The resulting compousd, 
desthiobiotin, promoted growth of Saccharomyces cerevisiae 139 as 


Q 


G 




NH NH 



* Kindly supplied by Dr A. C. Shabica. 
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as biotin but was inactive for Laclohacilli($ casei (13). Desthiobiotin 
could be substituted for biotin in the grovi:h of all yeasts so far tested 
(Table 11) and also in the nutrition of the fungus, Neiirospora siiophila. 
However, the bacteria were unable to utilize it. 

SaccJiaromyces ccrcvisiae F6.4 developed slowlj’' with desthiobiotin. 
Little or no growth was evident, usuail}’, for 1 or 2 da3’s, although ultimately’' 
it equaled that obtained with biotin. The lag did not occur when a desthio- 
biotin-grown culture was subcultured in desthiobiotin medium. This 
was demonstrated in the following experiment. Cultures of the yeast, 
pre\ioUsly grown with biotin and with desthiobiotin, were plated out 
on molasses agar medium. Portions of single colonies from plates of 
each type of medium were inoculated into liquid biotin and desthiobiotin 
media. Grow-th was recorded after incubation for 1 day. Colonies 
derived from the biotin cultiire grew' well with biotin and poorly' with 


Table III 

Growth of Saccharomyces cerevisiae FCJ^. with Biotin and with Desthiobiotin As 
Influenced by Previous Contact with These Substances 


Colony No. 

Biotin cultore 

j Desthiobiotin culture 

Inoculated into medi^ containing 

Biotin 

Desthiobiotin 

Biotin j 

Desthiobiotin 

1 

66 

92 

82 

31 

2 

78 

95 

80 

81 

3 

69 

93 

79 

79 

4 

78 

94 

78 

81 


The results are given as per cent transmissible light measured in an Evelyn 
photoelectric colorimeter; uninoculated medium = 100, 


desthiobiotin, whereas those from the desthiobiotin culture developed 
equally well with both compounds (Table III). 

There are two possible explanations for the slow development of this 
strain of yeast w'hen cultivated for the first time with desthiobiotin. Either 
the cells require time to “adapt” themselves to desthiobiotin, i.e, to 
synthesize the enzymes necessary for its utilization, or else only' a s m a l l 
number of the cells in the inoculum are able to grow' with desthiobiotin 
and, consequently, more time is required for these few’ variants to produce 
full growth. When a portion of a molasses agar slant culture of the y'east 
was plated out with synthetic agar media containing biotin and desthiobio- 
tin, respectively, an equal number of colonies w'ere obtained on both media 
nnd the colonies on desthiobiotin agar w’ere much smaller than those on 
the biotin medium. The slow development of Saccharomyces cerevisiae 
P6.4 in desthiobiotin medium is due, therefore, to the gradual “adaptation 
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of the cells to desthiobiotin and not to the selective growth of variant 
cells. Cultures adapted to grow rapidly with desthiobiotin lost this 
ability when subcultured once or tvdce with biotin. 

It was presumed that microorganisms which develop vith desthiobiotm 
are able to resynthesize the sulfur ring to form biotin. Lack of such syn- 
thetic powers in the bacteria would explain their inability to grow irith 
desthiobiotin. The former is highly probable since HCl extracts of 
Saccharomyccs ccrevidae FG.4 grovm \rith desthiobiotin supported full 
growth of biotin-requiring Rhizohium irifoUi, Lactohacillns casd, and 
Lactobacilhis arabinosus, none of which can utilize desthiobiotin, as preidously 
shown. Purt})ermore, treatment of such extracts with Raney's nickel 
catal 3 ’^st, which is known to convert biotin to desthiobiotin by removal of 
sulfur (12, 13), destroyed their activity for L. casci and L, arabinosus but not 

Table IV 


Effect of Desthiobiotin Concentration on Formation of Biotin by Saccharomyccs 

cercvisiae F0,4 


Desthiobiotin per 100 
cc, roediunj 

Gron-th (turbidity}* 

Biotin formed per 100 
cc, culture 

Per cent cont'crsioo 

r 


* r 


0,01 

66 

0.01 

100 

0.1 

3S 

' 0.066 

66 

1.0 

39 

0.26 

26 

10.0 

! 37 

0.23 

2.3 

100.0 

1 37 

0.20 

0.2 


* Per cent transmissible light. 


for S. cereuisiae, thus apparently completing the cycle of desthiobiotin 
brotin destliiobiotin. Also, as with biotin, the activity of the 

j’^east extract was neutralized by avidin. 

Wlien Saccharomyces cetxvisiac F6.4 was growm with O.l 7 of desthio- 
biotin per liter of medium, 0.11 y was found as biotin, by assay ^vith 
Lactobadllxts caseiy in the HCI extract of the cells, autoclaved at 15 pounds 
for 2 hours. Only 30 per cent of the biotin- activity was extractable vdth 
water, indicating that most of the vitamin is present in a bound form. 
It is noteworth}^ that all of the biotin was within the cells; in no instance 
was there more than 5 per cent in the external medium. 

Maximum growth of the yeast was obtained with 0.1 7 of desthiobiotin 
per 100 cc. of medium, whereas maximum conversion, 4 times that wit 1 
0.1 7 , occurred with 1.0 7 of desthiobiotin (Table IV). This would seem 
to indicate, in contrast to the conclusions of Dittmer, ]\Ielville, and du 
Vigneaud for Strain 139 (3) that more biotin is formed by the cells than 
is necessary for growth. 
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B}" replacing all of the sulfate salts in the basal yeast medium with 
equivalent chlorides, it was possible to determine the influence of different 
sources of sulfur on the transformation of desthiobiotin. 4-jMeth3d->5-^- 
hydrox3"eth3"lthiazole, cj'stine, and metliionine as well as sodium sulfate 
can supply the sulfur necessar}’’ for the conversion (Table V). i\Ietbionme 
supported as much }"east growth and biotin formation as sulfate, whereas 
little grovdh or conversion occurred with thiazole or cystine. Apparent!}", 
the form of the sulfur available to the yeast influences s3m thesis of biotin 
onl}" indirectl}’' through its quantitative effect on groA\ih. 

Conversion of desthiobiotin to biotin has been established also for the 
fungus N^eurospora ^iiophila and probabl}" occurs with other microorganisms 
which can grow with desthiobiotin. 


Table V 

Effect of Source of Sulfur on Conversion of Desihiohioiin* hy Saccharomyccs 

ccrevisiac 


Source of sulfur 

i 

Per 100 cc. 1 
medium i 

Growiht ' 

Biotin 
formed per ; 
100 cc. 
culture 

Per cent 
conversion 

1 

No sulfur 1 

ns- 

S9 

0.0015 

0.15 

4-Methyl -5-p-hydrox3"ethylthiazole , 


77 

0.01 

1.0 

Cystine 


59 

0.025 

' 2,5 

Alethionine 


' 25 

0.29 

1 29.0 

Sulfanilamide 

5 

1 S6 

0.001 

! 0,1 

Sodium sulfate 

20 

23 

0.2S 

2S.0 


* 1 7 of desthiobiotin per 100 cc. of medium, 
t Per cent transmissible light. 


SUAnvTARV 

Comparison of the growth-promoting properties of s3Tithetic biotin 
and natural biotin for five representative microorgamsms indicates that 
the two substances are identical. The s3Uithetic ^dtamin, like the natural 
product, forms an inactive heat-dissociable complex vdth a^ddin. Z-Biotin 
and dZ-allobiotin support microbial grovdh onl}" when used in vei}" large 
amounts; their slight activities are considered to be duo, probabl}’, to 
contamination with biotin or dZ-biotin. 

Synthetic dZ-diamino acid sulfate is 4 to 7 per cent as active as biotin 
for lactobacilli. 

Desthiobiotin can substitute for biotin in the nutrition of a number 
of yeasts and a fungus but does not support gronih of the thr^ bacteria 
tested. For one 3"east strain, a period of adaptation to desthiobiotin is 
necessary" before rapid grovdh can occur. Grovdh with desthiobiotin 
is accompanied by the formation of a substance ha\dng the properties of 
biotin. 
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THE BIOLOGICAL ACTIVITY OF BIOTIN AND RELATED 

COMPOUNDS 

Br GLADYS A. EMERSON 

(From the Merck Institute for Therapeutic Research, Rahway, New Jersey) 
(Received for publication, June 15, 1944) 

In the course of the sjTithesis of biotin in the Research Laboratories 
of Merck and Company, Inc., a number of compounds structural^ related 
to biotin were prepared. The identity of natural and synthetic biotin 
was confirmed by rat and chick assays (1). The results of the bioassays, 
with rats, of synthetic biotin and certain biotin isomers and diamines 
are herein reported. These compounds have been described (2, 3), Of 
these preparations the following were tested on rats: biotin, dZ-biotin, 
Z~biotin, dZ-ailobiotin, diaminocarboxylic acid (corresponding to biotin), 
dWiamino acid, dLallodiamino acid, and dZ-epiallodiamino acid (as sulfates 
for each diamine). 

EXPERIMENTAL 

Production of Biotin Deficiency — ^Biotin deficiency was induced in rats 
by feeding an egg white-containing ration of the following composition: 
dried egg white^ 15, casein (Labco) 15, sucrose 52, U. S. P. Salts 1 4, 
dried beef liver 2, hydrogenated vegetable oil 10, cod liver oil 2, supplemented 
with 0,8 mg, each of thiamine and pyridoxine, 1.6 mg. of riboflavin, 10 mg. 
of nicotinamide, 5 mg, of calcium pantothenate, and 100 mg. of choline 
chloride per 100 gm. 

Rats placed at weaning on this ration usually developed signs of biotin 
deficiency, although an occasional animal failed to become depleted. Rats 
maintained on this diet but supplemented with biotin remained normal 
in all respects. The course of biotin deficiency as reflected in the growdh 
of rats is shown in Fig. 1. A mild degree of biotin deficiency characterized 
by loss of the guard hairs became apparent after about 3 weeks on the 
diet; at that time, the animal s were still growing at a rapid rate (Period 1). 
In the ensuing fortnight clearly defined signs of depletion developed. 
The hair was sparse and mole-like. Spectacled eyes and an inflamed 
swollen mouth were observed; the rats had ceased to gain in weight (Period 
2). During the followidg 2 to 3 w'eeks a general denudation and an e.xu- 
dative dermatitis with encrustations w'ere seen. Abnormality in gait 
Was a usual although not invariable sign ; a decline in weight occurred during 
this stage of the deficiency (Period 3). The naajorit}’' of the animals suc- 
cumbed within the subsequent period of 10 da^’^s to 2 wrecks. Rats in 
which biotin supplementation was begun during the third stage did not 

^ Dried egg white from Henningsen Brothers, Inc., New Yorh. 

12r 
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invariably respond to therapy; in fact many such animals gorged themselves 
with food and water for 3 to 4 days and died suddenly. At autopsy the 
stomachs were filled with food and intestinal distention was marked. 

Cmative Assays — ^The most sensitive response to biotin was observed 
when supplementation was initiated during Period 2 of the depletion. 
Growth and healing of skin lesions were the criteria of response in the 
curative 14 day test. Rats were segregated into groups of like average 



DAYS ON DIET 

Fig. 1. Growth curve of male rats maintained on an egg ff'hite-containing diet 
(average of ten rats). Death of the animals is indicated by the figure followed by 
the dagger. 

weight and deficiency signs, negative and positive controls being employed 
in each assay. Negative controls were continued on the egg white diet 
without supplementation and positive controls received 1 7 of natumi 
biotin^ daily. The administration of this level of biotin produced a marked 
alleviation of skin symtoms; a blanching of the heretofore eiythematous 
areas was observed in 2 to 3 days. At the conclusion of the test penod 
the skin was normal and new hair giwth was apparent. 

* are indebted to Dr. J. C. Keresztesy for natural biotin. 
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Weight gains wiih 1 7 of biotin were not optimal, as was evidenced by 
tlie better response to the daily administration of 2 7 of biotin. T^'^pical 
weight gains for the 14 day test period were as follows: unti'eated controls 
2 gm., 1 7 of biotin 59 gni., 2 7 of biotin 84 gm. 

In the curative tests each preparation was fed daily by stomach tube 
for a period of 14 days. As can be seen from Table I S 3 mthetic biotin 
was full}^ utilized by the rat and dZ-biotin was one-half as active as the 
natural^’' occurring form. The enantiomorph, Z-biotin, was completely 


Table I 

Biotin Aclivtiy of Biotin and Related Compounds (14 ^ay Curative Rat Assay) 


Tc^tNo. 

Group 

Level of 
compound 

Zed 

No. of 1 
rats 

Gain in 
wcicHl, 
U days 

Skin condition at 
conclusion of test 

1 

Control 


1 

5 ! 

gm, 

-12 

Severe dermatitis 


Natural biotin 

1 

5 

54 

Normal 


Sjmtbetic biotin 

1 

5 

67 

ti 

2 

Control 


5 

4 

Severe dermatitis 


Natural biotin 

1 

5 

64 

Normal 


rfi-Biotin 

2 

5 

60 

<< 


Synthetic biotin 

1 

5 

61 

a 


dl~Allobiotxn 

10 

10 

9 

Severe dermatitis 

3 

Control 


9 

4 

tc <{ 


Natural biotin 

1 

9 

53 

1 Normal 


1-Biotin 

7.5 

9 

-12 

Severe dermatitis 

4 

Control 


5 

-5 

! tt 

\ 


Natural biotin 

1 

6 

74 

I Normal 


Biaminocarboxylic acid 

100* I 

5 

-14 

1 Severe dermatitis 


corresponding to biotin | 
(sulfate) 

dZ-Diamino acid (sulfate) 

250* I 

5 

-8 

i 

! 

it it 


dZ-Epiallodiamino acid 

100* 1 

5 

-6 

it it 


(sulfate) 

dl-AUodiamino acid (sul- 

200* I 

1 

1 

i ^ 


ti it 


fate) 1 


1 

i 



* Equimolar equivalent of biotin. 


inactive when fed at times the level of biotin. dZ-Allobiotin was inacti\ e 
when fed at 10 times the level of biotin. These findings do not preclude 
a low order of potency’' for these compounds. 

The diamine compounds were inactive when fed at 100 to 250 tinies the 
level of biotin. It is of interest to note that the diaminocarbox} lie acid 
derived from biotin has been reported to have 10 per cent of the activity 
of biotin in stimulating yeast grou'th ( 4 ). Its growth-promoting properti^ 
for other microorganisms are reported in an accompanying paper (5). 
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In rats this preparation is utilized, if at all, to an extent of less than 1 
per cent. 

A related compound may be active for one microorganism and not for 
another, as was recently demonstrated for desthiobiotin which stimulated 
the growth of yeast but not that of Laclohacilhis casei (6). We have found 
that destliiobiotin shows a low order of activity when tested in biotin- 
depleted rats. However, the response was irregular and the slight activity 
of this compound may have been due to the presence of traces of biotin, 
since the compound was piepared from biotin. 

SUMMAHV 

-V S\mthetic and natural biotin had identical activity when assayed cur- 
with rats maintained on an egg white^on tabling ration. dZ-Biotin 
as one-half as active as biotin. ^Biotin was inactive when fed at 7^ 
i«^s the level of biotin. dZ-Allobiotin was without effect when fed at 
a 10-fold increase in intake over biotin. Diaminocarboxylic acid (cor- 
responding to biotin), dWiamino acid, d^-allodiamino acid, and dZ-epial- 
lodiamino acid were inactive at levels 100 to 250 times that of biotin. 
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STUDIES ON THE ACTIVITY OP SYNTHETIC BIOTIN, ITS 
ENANTIOMORPH, AND RELATED RACEMIC 
FORMS FOR THE CHICK 

Bt walther h. ott 

{From the Merck Instilute for Therapeutic Research ^ Rahway, New J ersey) 
(Received for publication, June IS, 1944) 

Biotin from natural sources has been shown to prevent a scaly dermatitis 
of the feet and shanks (1, 2), to be involved in the prevention of perosis 
(3, 4), and to promote growth in biotin-deficient chicks (1-5). Exper- 
iments in this laboratory \vith chicks fed purified diets containing dried 
raw egg white have indicated that the above deficiency signs can be pre- 
vented by administration of synthetic biotin (6), while Z-biotin (7, 8) 
and dZ-allobiotin (7, 8) appear to be without activit}'’ jin these respects. 

The basal diet used in the tests contained dextrose 43.5, dried raw egg 
white 15, purified casein 10, cellulose 10, wheat bran 10, calcium gluconate 
5, mineral mixture 3.5, glycine 1.5, wheat germ oil 0.5, fish liver oil (400 D) 
0.5, Z-cystine 0.2, choline chloride 0.15, inositol 0.1, p-aminobenzoic acid 
0.03, niacin 0.01, calcium pantothenate 0.004, pyridoxine 0.002, ribo- 
flavin 0.002, thiamine 0.002, and menadione 0.0002 per cent. 

The usual procedure has been to rear day-old white Leghorn chicks 
for 1 week on a commercial type of starting ration, to sort them carefully 
into groups of equal mean body weights and growth rates, and then feed 
the basal diet with or without added biotin for a 2 week period. The 
various biotin compounds were incorporated in aqueous solution directly 
into the diets, which were freshly prepared each week and fed to groups 
of five to seven chicks each. Electrically heated all metal battery brooders 
with wire floors were used throughout. 

In preliminary tests it was noted that chicks receiving about 1 mg. o 
natural biotin^ added per kilo of basal diet gre\y more rapidly than did 
the chicks receiving only the basal diet. The differences in v eight 6^^ 
were relatively large at 3 weeks of age, when the first signs of dermatitis 
appeared in the chicks fed the basal diet. ^ 

Comparative effects of natural and synthetic biotin upon chick grovt 
are shown in Table 1. It is seen that dZ-allobiotin was without actn ity, 
whereas dZ-biotin and synthetic biotin possessed activity comparable to 
that exhibited by the natural substance. ^ , 

Activities of synthetic biotin and its enantiomorph were investigated 

^ Natural biotin was supplied by Br. J. C. Keresztesy of the Research Laboratories 
of Merck and Company, Inc., Rahway, New Jersey. 
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further in an experiment in which duplicate groups of chicks were fed 
each level up to 30 da^^s of age (Table II). Growth appeared to be in- 
fluenced more b}’ the presence or absence of a sufficient amount of biotin 
added to the diet than bj^ the relative amount added. Severity of the 
dermatitis, however, was directlj^ related to the level of s^mthetic biotin 


Tabl,e I 

Effect of Biotin on Growth of Chicks Fed Diets Containing 15 Per Cent Dried 

Raw Egg ir/jifc 


j 

Subst.ancc added j 

Experiment J 

Experiment 2 

Experiment 3 

Amount 
added 
to diet 

Gam, ^ 
J-J wks 

Amount j 
added 
to diet 

Gam, ' 
|~3 wks 

Amount | 
added 
to diet 

Gain, 

1-3 trk« 


ng. 

gm 1 

rtg. fer tg 

grt. 

ng, fer kg '■ 

gn. 

in (natural) . j 


56.2 j 


67.2 


' 45.7 


0.9 ! 

S0.3 1 

1.0 


1.2 

1 67.2 

-Allobiotin. . . 

0.9 

55.6 


j SS.4 

8.0 

1 55.S 

df-Biotin ... 


75.0 j 



1,6 

69.2 

Biotin (S 3 mthetic) , 

1.8 j 


j 1.0 

i 85.2 

i 

69.3 


Table II 


Effect of Synthetic Biotin and Us Enantioinorph on Growth and Dermatitis tn Chicks 
Fed Diets Containing 15 Per Cent Dried Raw Egg White 


Substance added 

Amount 
added to 
diet 

Gam, 
l-“3 laks. 

Derma- 
titis at 

22 days* 

Gain, 

wks 

Derma- 
titis at 

30 daj's* 

1 

ng, per kg. 

gm. 


gn. 


l^one 


58.6 

1.2 

93.0 

2.7 

l-Biotin 

1.6 

55.9 

1.4 

87.6 

2.9 

di-Biotin 

0.4 

5S.S 

1.2 

98. 2 

2.5 

4( 

0.8 

51.8 

0.9 

92.0 

I.O 

(f 

1.6 

70.2 

0.2 

103.7 

1 0.2 

Biotin (synthetic) 

0.4 

, 74.4 

O.S 

110.2 

1 

1.4 

. .... 

O.S 

69.6 

0.3 

100.6 

0.4 

<1 

1.6 

65.8 

0.3 

107.2 

0.3 


* 0.0 score was given for smooth feet and shanks showing no dermatitis; 4.0 was 
given for severe dermatitis; 1.0, 2.0, 3.0 were intermediate scores. Chicks of various 
ages reared on commercial type of diets have scored 1.0 on the scale used here. 


added to the diet. By both criteria the Z isomer was inactive, while 
synthetic biotin showed complete effectiveness. The dWiotin was Jess 
active than sjTitlietic biotin, perhaps half as active, which is to be ex- 
pected since the I isomer is inactive. 

Bv the end of this test perosis was present in 80 per cent of the cmcKS 
recei\dng no addition to the basal diet and in 20 per cent of the chicks 
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receiving 1.6 mg. of synthetic biotin added per kilo of diet. Incidence 
ranged from 60 to 75 per cent on the other diets. Thus s3Tithetic biotin 
also e.xliibits the perosis-preventing property of the natural compound. 

SUMMARY 

Sjmthetic biotin was as effective as natural biotin in promoting growth 
and preventing dermatitis in chicks fed a purified diet containing 15 
per cent dried raw egg white. Z-Biotin and dZ-allobiotin were without 
activity. 
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STUDIES ON KETOSIS 


XXIV. ON THE QUESTION OF BUTYRIC ACID ACTING AS A 
PRECURSOR OF CARBOHYDRATE* 

Bt harry J. DEUEL, Jr., CORNELIA JOHNSTON, MARGARET GULICK 
MOREHOUSE, HILDA S. ROLLISLAN, and RICHARD J. WINZLER 

(From the Department of Biochemistry and Nutrition, University of Southern California 
Medical School, Los Angeles) 

(Received for publication, August 24, 1944) 

The fate of butyric acid has been rather extensively investigated on the 
rat by a number of dififerent techniques, the results of which have not been 
entirely consistent. The administration of sodium butyrate by stomach 
tube to fasting white rats did not bring about any accumulation of gl3’'cogen 
m the liver (1-3), whereas the feeding of odd chain fatty acids resulted in 
the formation of liver glycogen. The administration of butyrate to phlor- 
hizimzed dogs led to no increase in urinaiy glucose (4). The excretion of 
acetone bodies in the urine of fasting rats given butyrate was the same as 
that in rats given isomolecular amounts of diacetic acid (5). These obser- 
vations support the thesis that butyric acid is quantitative!}’' oxidized and 
is not converted to carbohydrate. 

In cat liver perfused with sodium butyrate, however, an increase in liver 
glycogen has been reported by Blixenkrone-M0ller (6), and it was suggested 
that but}’ric acid could undergo oj oxidation to form succinic acid, a sub- 
stance that has been shown to be a carbohydrate precursor (7). Stohr 
(8) found that butyrate administered to rats with glucose led to a glycogen 
content higher than that found when glucose was given alone, and concluded 
that carbohydrate was formed from butyrate. Evidence that but}’rate 
can be converted to carbohydrate has also been obtained by Buchanan, 
Hastings, and Nesbett (9), using but}Tate in which the carbox}d group was 
labeled with radioactive carbon. These investigators found that radio- 
active carbon appeared in the liver glycogen in excess of that expected from 
the previously demonstrated assimilation of bicarbonate, and also in excess 
of that found when acetate with radioactive carbon in the carboxyl group 
''vas administered. 

Very recently DziewiatkowsM and Lewis (10) found that the liver 
glycogen of non-fasted male white rats was higher in animals given sodium 
but}’Tate than in the controls not given this compound, suggesting either a 
formation of glycogen from butyrate or a sparing of glycogen by the oxida- 
tion of butyrate. 

Some of this investigation was assisted by a grant from The Best Foods, Inc. 
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Since the conversion of butj^rate to carbohydrate is both affirmed and 
denied in the foregoing investigations, we were prompted to reinvestigate 
the problem. It seemed possible that the nutritive state of the rats might 
be responsible for the discrepancies in the results. In the above investiga- 
tions it was apparent that the animals in which carbohydrate formation 
from butyrate was not demonstrated were all fasted for 48 hours, whereas 
in the experiments suggesting the conversion of butyrate to carbohydrate, 
glucose w'as either simultaneously fed to fasted animals, or unfasted animals 
already having considerable glycogen in the liver were used. Since it is 
well knowm that the presence of carboh^^drate is necessary- for the proper 
oxidation of fatty acids vdth. an even number of carbon atoms, it seemed 
possible that carbohj'drate might also be essential for the converdon of such 
fatty acids to glycogen. Likewise, extensive fasting of the rats before 
but 3 Tate administration might possibly- have altered the secretion of insulin 
hy the pancreas, as it has been shoum that fasted animals have a diabetic 
*‘t 3 i)e of glucose tolerance curv'e. Such an insulin insufficiency' might be 
responsible for the failure of butyrate to be converted to gh'cogen by’^ fasted 
rats. Accordingly', buty'rate was fed to fasted rats, fasted rats pre^dousk 
given glucose, and to non-fasted rats, and the liver glycogen determined 
before and 4 hours after buty'rate administration. 

EXPERIMEKTAIi 

In the first series of experiments, female rats from our stock colony' were 
fasted 4S hours. They' were divided into six groups as follouis: Group 1, 
controls wliich received water by tube, to be Idlled after 4 hours of addi- 
tional fasting; Group 2, controls which received water by tube, to be killed 
after 8 hours of additional fasting; Group 3, animals fed glucose, to be 
killed 4 hours later; Group 4, animals fed glucose, to be killed S hours later; 
Group 5, animals to be fed buty'rate 4 hours later to be killed after 4 ad- 
ditional hours; Group 6, animals fed glucose, to be followed 4 hours later hy 
butyrate and to be killed after 8 hours. Glucose was administered by' 
stomach tube at a level of 400 mg. per 100 sq. cm. of surface area, as calcu- 
lated by' the formula of Lee (11), based on the 48 hour fasting weight. 
Sodium butiTate was fed as a 12 per cent solution at a level of 120 mg. per 
100 sq. cm. A volume of water equivalent to that administered to the rats 
recehring buty'rate was given to the fasted controls (Groups 1 and 2). 

All rats were killed luider sodium amy'tal anesthesia, the livers removed 
uith the technique customarily' employ'ed in this laboratory* (12), and the 
glycogen determined by the method of Good, Ivramer, and Somogy'i (13). 

The gastrointestinal tract was removed, placed in a Tlmring blendor \oU 
150 cc. of water, ground to a homogeneous consistency, and made ^ 

cc. after precipitation of the proteins by the addition of 10 cc. each of O.o ^ 
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NaOH and 10 per cent ZnS 04 Reducing substances were determined on 
the filtrate by the Shaffer-Hartmann method and volatile acids were deter- 
mined on the same filtrate by a modification of a previous method (14). 

In the second series, carried out on both male and female rats which had 
not been fasted, the animals were divided into six groups, m., Groups 
7m, 7f, killed immediately; Groups 8m, 8f, animals fed butyrate to be sac- 
rificed after 4 hours; and Groups 9m, 9f, animals to be fasted for 4 hours 
and killed. In order to have data on the food consumption during the 24 
hour period prior to the start of the experiment, the animals were placed in 
indindual cages and their food consumption determined. The animals 
were killed and the liver glycogen determined as in the first series. 

Here the homogenized gastrointestinal tract was first made to volume. 
An aliquot of this was hydrolyzed in 2 n HCl for 3 hours, neutralized, made 
to volume, and reducing substances determined. To 200 cc. of homogen- 
ized gut were added 25 cc. each of the NaOH and the ZnS 04 . The protein- 
free filtrate was used in both series for the determination of the volatile 
acids, as before. 

The sodium butyrate was prepared by neutralization of a weighed 
amount of butyric acid (Eastman) to a pH of 7.4. Distillation of this prep- 
aration gave the theoretical recovery. Cerelose was used as a source of 
glucose, which was standardized at approximately a 50 per cent solution. 
That the procedures employed in the determination of glucose and 
butyrate in the gastrointestinal tract were quantitative is demonstrated by 
the recovery of 100.6 db 1.2 per cent of glucose (nineteen experiments) and 
98.5 =b 2.0 per cent of sodium butyrate (eleven experiments) when the 
gastrointestinal tracts were removed immediately after their administration 
and the determinations made on the homogenized gut sample. 

Results 

The results of the first series which were carried out on fasted female rats 
are summarized in Table I. The most important result shown in Tame 
is that the liver glycogen of the groups receiving glucose^ (Groups 3 and 4) 
and glucose plus butyrate (Group 6) is identical. Also, in agreement 
our previously published observations (1,2), the administration of bu^Tate 
to fasted rats (Group 5) does not increase the liver glycogen above that ol 
the controls (Groups 1 and 2). Virtually complete absorption of glucose 
and butyrate occurred before the animals were killed. 

The results of studies on male and female rats, the carbohydrate stor^ 
of which had not been depleted by fasting, are shovn in Table 11. n t 
series the liver glycogen for the rats receiving butyrate is identical vit i la 
of the control group in the case of the males (Groups Sm and 9ni), v i e a 
slight but statist! callj^ insignificant difference was noted vith t le corre 
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spending groups of female rats (Groups 8f and 9f). In all cases there is a 
marked decrease in the per cent of liver glycogen follo^ving the 4 hour fasting 
period irrespective of whether but^^'rate or water was administered. The 
drop in liver glycogen is practically twice as great in the female rats as that 
obtained in the male rats. This result is in harmony with previous results 
which have shown sex ditlerences in liver glycogen of fasted rats (16). The 
data indicate that sodium butyrate is comp) etelj^ absorbed and also that 
potential reducing material is still present in the gut after 4 hours of fasting. 


Table I 


Glycogen Formalion from Glucose or Butyrate in Female Rats 
Previously Fasted 48 Hours 


Group 

No. 

Treatment 

ExperU 

mental 

period 

No. ol 
animals 

Average 

body 

weight 

Average 
amount fed 

Reduc- 
ing sub- 
^.taners. 
in gut 
as glu- 
cose* 

Volatile 
acid in 
gut* 

Liver 

1 

Glu- 

cosc 

Bu- 

tyrate 

Average 

weight 

Gly- 

cogen* 



hrs. 


gm. 

nfg. 

mg. 

mg. 

cc. 0.1 K 

gm. 

perCitnt 

1 

Fasted controls 

4 

8 

14S 

0 


15.0 

0.84 

4.51 

<0.10 








RiM 

±0.10 



2 

tt tt 

8 

11 

154 



IQ9 

0.78 

4.49 

<0.10 









±0.05 



3 

Glucose 

4 

10 

144 

943 


21.4 

1.21 

4.95 

2.42 








±5.6 

±0.12 


±0.22 


1 

\ 





(7) 

; (5) 



4 

tt 

8 

11 

147 

947 

■jl 

15.8 

0.88 

4.71 

2.48 








±2.4 

±0.80 


±0.12 









i (7) 


1 

5 

Butyrate (fed 

8 

9 

144 


299 

15.4 

1.53 

' 4.49 

<0.10 


at 4 hrs.) 







±0.24 











(7) 



6 

Glucose (at 0 

8 

9 

148 

955 


21.5 

l.OG 

4.71 

2.18 


hr.) follo^Yed 






±5.2 

±0.10 


±0.23 


by butyrate 






(8) 

(8) 




(at 4 hrs.) 











When the averages are different from that of the total number of experiments, this 

is indicated by the figures in parentheses. 

* Including the standard error of the mean calculated as follows: v SdVn/ v 


DISCUSSION 

The results of this investigation do not support the contention that 
butyrate can be converted appreciably to liver glycogen in either fasted or 
fed white rats, and thus is not entirely in accord with the results of Stohr 
(8) or Dziewiatkowski and Lewis (10) who, in experiments similar to those 
reported here, found considerably more liver gb'cogen in rats given butyrate 
than in the controls. In the first series with fasted female rats and 
second series with non-fasted males, the same liver glycogen was found in 
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the butyrate-fed animals as in the controls. The non-fasted females in the 
second series do show a slight but statistically insignificant difference be- 
tween the controls and those fed butyrate. It should be emphasized that 
in only this one instance in the four groups which received butyrate was the 
liver glycogen even slightly greater than in the corresponding control group. 
If the small difference were significant, it might be interpreted either as a 
conversion of a portion of the butyrate to glycogen or as a result of a sparing 


Table II 

Glycogen Formation from Butyrate in Unfasted Male and Female Rats 


Group 

No* 

Treatment 

Experi- 

mental 

penod 

No of 
animals 

A\ erage 
body 
n eight 

Food 
consumed 
previous 
24 hrs * 

Total 
reducing 
substances 
m gut after 
hydrolysis 
(as 

glucose) t 

Volatile 
acid In 
gutt 

Liver 

MD . 

Average 

weight 

Gly- 

cogen! 

SEMD * 



hrs 


im. 

rm. 

m 

cc 0 1 x 

fW. 

per cent 


7m 

Controls 

0 

10 

196 

12.5 

1090 

7 46 

8 54 

4,34 







±0.7 

±104 

±0 54 


±0.24 


8m 1 

Butyrate 

4 

10 i 

195 

13.6 j 

403 ±38 

6.37 

7.70 

3.64 





i 


±0.6 


±0 55 


±0.24 


9m 

Fasted 

4 

10 

198 , 

14,5 ^ 

453 ±46 , 

6.45 

8.06 

3.57 

0.19 


con- 




±0.5 


±0.53 


±0.39 



trols 










7f 

Controls 

0 

18 

‘ 159 

10.5 

392 ±46 

4.30 

6.40 

4.06 




1 


[ 

i 

±0.5 

! (9) 

±0.36 


±0.13 



i 

i 



1 (9) 


(9) 




8f 

: Butyrate 

4 

19 

154 

; 9,0 

238 ±18 

4.18 

5.92 

2.77 







±0.6 

(10) 

±0.35 


±0,21 







^ (10) 


(10) 




9f 

1 Fasted 

4 

20 

161 

13.0 

262 ±26 

3.40 

5.89 

2.07 

2.34 


con- 




±3.7 

(10) 

±0.39 


±0.21 



trols 




(10) 


(10) 





When the averages are different from that of the total number of experiments, this 
IS indicated by the figures in parentheses 

Male and female rats are indicated by the letters. _ 

t Including the standard error of the mean calculated as follows: \/ 2dVn/ "x/ n. 
t Mean difference to standard error of mean difference between Groups S and 9. 
When this ratio exceeds 3.0, the results are considered significant. 

action of the butyrate on the metabolism of liver gtycogen. At an}' rate, 
the difference would represent a conversion of onty approximately 14 per 
cent of administered butyric acid to liver gtycogen. This is in marked con- 
trast to the results of Dzieudatkowski and Lewis (10) who found differences 
hx liver glycogen which corresponded to over 100 per cent of the butjTic 
^cid that Was fed. Possible explanations for the discrepanc}' between the 
results reported here and those of Dzievdatkowski and Le\^ds (10) would 
Include the diurnal variations in the glycogen content of rat liver previously 
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described (12). Such diurnal changes make it necessary to run simultane- 
ous control and experimental animals in order adequatelj'’ to minimize liver 
glycogen differences not due to the experimental treatment. 

The experiments of Buchanan, Hastings, and Nesbett (9) indicate that 
more radioactive carbon appeared in liver glycogen after radiopropionate or 
radiobutyrate than after radioacetate administration, the tagged carbon 
atom being in the carboxyl groups in all cases. WTien the radioactive 
carbon content of the liver glycogen was corrected for that expected from 
the assimilation of radiobicarbonate, it appeared that butyric and propionic 
acids were converted to glycogen, whereas acetic acid was not. The con- 
version of butyrate (and of propionate) to glycogen indicated by the above 
experiments amounted to less than 5 per cent of the fatty acid absorbed, 
which corresponded to about 3 mg. of glycogen. This would not constitute 
a demonstrable symthesis under the conditions of our experiments. 

Although the possibility’- of some conversion of butyric acid to liver gly- 
jgen cannot be eliminated on the basis of the present work, it is clear that 
this occurs at most only’* to a very’- limited extent. 

SmiMARV 

The administration of sodium butyrate to fasting female rats fed glucose 
4 hours earlier did not augment the liver gly-cogen over that of control ani- 
mals. Also, the feeding of this substance to unfasted male and ferarie rats 
did not lead to statistically significant differences over those of the controls. 
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TWO MICROBIOLOGICAL METHODS FOR THE DETERMINA- 
TION OF I(~)-TRYPTOPHANE IN PROTEINS AND 
OTHER COMPLEX SUBSTANCES ^ 

Br JERALD G. WOOLEY and W. H. SEBRELL 
(From the Division of 'Physiology t National Insiitute of Health j Bethesda, Maryland) 

(Received for publication, August 28, 1944) 

While microbiological assays for the determination of nicotinic acid by 
the method of Snell and Wright ( 1 ) were being made, it was obsert^ed that 
Lactobacillus arabinosus 17-5 would not grow unless the medium contained 
trj'ptophane. The addition of 4 t to 40 7 of l{—yiv}^top\xane to 10 ml, 
of the medium resulted in increasing growth and production of acid. An 
attempt, therefore, w^as made to develop an assa}^ method utilizing this 
organism.^ 

The different chemical methods of determining tr^'ptophane in pure 
proteins have jdelded varying results in the hands of careful workers. The 
amount of tr>’'ptophane in casein, w'hen determined by the different chem- 
ical methods, has been reported to be from 1.0 per cent to 2.4 per cent 
(7-10). (A critical re^’iew of these methods has been made by Horn and 
Jones.-) It is generally known that interfering colors develop w’hen at- 
tempts are made to assaj'" tr\"ptophane in materials that contain carbohy- 
drates or other color-producing substances, thereby rendering the test 
impractical for tr^^ptophane determinations in such materials. Also trj’pto- 
pkane cannot be determined in materials containing small amounts of this 
amino acid, 

Tw'o methods of assa}’' of -*)-tr}’ptophane with bacteria were developed. 
In one the acid produced in cultures of Lactobacillus arabinosus 17-5 is 
titrated and in the other the turbiditv caused by the growih of Eberthella 
lyphosa T-63 is read in a photometer. ^ Each of the methods has the follow- 
advantages over the chemical assay methods commonly empio\ed. 

' Since this work was started, reports have appeared on the use of Lactobacillus 
<^f‘ahnosu$ or of Lactobacillus casei for the analysis of eleven amino acids in pure 
amino acid combinations (2, 3) ; for the assay of valine, leucine, and isoleucine in cot- 
tonseed meal, peanut meal, soy bean meal, wheat, and gelatin (4), of valine and argi- 
in protein hydrolysates (5), and of tOTtophane in casein (6). 

- Dr. Millard J. Horn and Dr. D. Breese Jones, of the Bureau of Human Nutrition 
and Home Economics of the United States Department of Agriculture, are reporting a 
ctenxical assay method for trj^ptophane. They have collaborated with us by 
nitrogen and moisture determinations and assays for tr}*ptophane by their me^od, 
ou certain hydrolysates that were assayed by our microbiological method. Their 
^port appears in the following paper. 
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(1) jMinufce amounts of tr3T)tophane in materials for assaj^ can be deter- 
mined, (2) Substances that interfere nith the determination of fr^pfo- 
phane by the chemical methods do not affect the microbiological assay's, 
(3) The microbiological tests can be performed by personnel nith little 
technical training, (It must be remembered that Ebcrthdla iyphosa is a 
pathogen and should be used with, caution, not onl}" to protect the health 
of the personnel but to prevent the contamination of foods being assayed. 
Laclobacilhis arahinosu^ is non-pathogenic and therefore can be handled 
with impunity.) 

The microbiological assay udth Eberihclla iyphosa has the advantage over 
the Laclobacilhis arabinosiis method in that readings can be made after only 
16 hours of incubation, no titration is required since readings are made 
directl}^ on the incubation tubes, and the medium is simpler, being pre- 
pared from a mixture of pure amino acids. The method, therefore, may be 
applicable to the assay of other amino acids. Although the L. arabinosiis 
assa}’' also can be carried out u-ith media containing pure amino acids, 
L. arabinosiis requires larger amounts of amino acids for maxinium growdb, 
and the sjmthetic media are therefore more expensive to prepare. The 
principal disadvantage is the danger to personnel working vnth Eberlhdla 
iyphosa; for this reason most laboratories will probably prefer to use the 
L, arabinosiis assay method, 

LaciohadUiis arahimsxis Assay Method 

Preparation of Medium — A modification of the medium used in the assay 
of nicotinic acid (1) is employed. The modifications are as follow's: (1) 
casein is hydrolyzed with hydrochloric acid and the excess acid is removed 
by successive evaporation to a tliiek synxp three times over a steam bath 
in a hood; (2) the treatment with activated charcoal is carried out without 
adjusting the pH; and (3) tr>’'ptophane is left out of the medium and nico- 
tinic acid is added. 

The tryptophane-free medium for 100 assay tubes consists of hydrolyzed 
casein (10 per cent) 100 ml., dextrose 25 gm,, sodium acetate 20 gm., 

100 mg., adenine sulfate 10 mg., guanine hydrochloride 10 mg,, uracil 
mg,, inorganic Salt Solutions A and B 5 ml. each, thiamine hydrochlon o 
200 7, pyridoxine hydrochloride 200 7, p-aminobenzoic acid 200 7> calcium 
pantothenate 400 7, nicotinic acid 400 7, ribofla^dn 400 r, biotin 1 7;^^ 
to pH 6,6 to 6.8 vaih NaOH, distilled w^ater to make 500 ml. Solutions 0^ 
adenine, guanine, and uracil, of inorganic Salts A and B and of the \ ariou^ 
vitamins are prepared separately. It is important that the solution 
calcium pantothenate is prepared fresh at least everj^ 2 w'ceks. . ir 22 

Procedure— Assays are carried out in large test-tubes, 
mm. in diameter. The standard t(-) -tryptophane solution md ^ 
for analysis are added to the tubes. Duplicate tubes containing , ^ 
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12, 16, 20, 24, 28, 32, 36, and 40 y of Z(—) -tryptophane are set up for the 
standard curve (Fig. 1). Samples for assay are set up at increasing levels 
of concentration estimated to approximate the amoimts of tryptophane 
contained in the tubes for the standard curve. Volumes are brought to 
10 ml. with distilled water and 5 ml. of the prepared medium are added. 
The tubes are plugged with cotton and sterilized by being autoclaved for 



0 A a 12 16 20 24 28 32 

MICROGRAMS OF 5(-) TFQTPTOPHANE 


1. A typical 2 (”) 'tryptophane standard curve with Laciohacillus crafetjwwiw 

15 minutes at 15 pounds pressure. Each of the tubes except the first is 
inoculated as in nicotinic acid assays (1). Incubation is carried out at 
37 for 3 days and acid production is titrated with 0.1 N NaOH to neutrality. 

Eherthella iyphosa Assay Method 

^des (11) observed that Bacterium typhosum ordinarily will not 
iinless tryptophane is present in the nutrients, but that it could be trained 
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to grow without tryptophane which is then S3Tithesi2ed. Burrows (12) 
showed that a strain of Bacteria (yphosurrij which required tryptophane to 
start grouth, S3Tithesizcd not onl3'’ tryptophane but also indole. We were 
fortunate to obtain a strain of Eberihella typhosaj National Institute of 
Health No. T-63, that required tryptophane but did not have the capacity 
of S3Tithesizing tryptophane or indole in 3 to 5 days when started with less 
than optimum amounts of either of the compounds. It was, therefore, 
decided to utilize this organism for a microbiological assay method, 

Preparalion of Medium — ^The basal medium for the assay method in 
which Eberihella iyphosa T-63 is used is a slight modification of the amino 
acid medium described by Gladstone (13). 

The following stock solutions are prepared. 

Solution A — dt-Alanine 1.19 gm., dt-valine 1.56 gm., dZ-leucme 1.75 gm., 
df-glycine 1.0 gm., f-proline 0.77 gm., Z-hydroxyproline 1.09 gm., d?-aspartic 
acid 1.77 gm., d-glutamic acid 0.98 gm., dZ-metliionine 0.75 gm., dZ-phenylal- 
anine 0.82 gm., Z-tyrosine 0.45 gm., Z-arginine monoh3"drochloride 0.52 gm., 
Z-histidine monohydrochloride 0.5 gm., Z-l3''sine 0.46 gm., KHsPO^ 45,3 
gm., K NaOH 260.0 ml. The amino acids are dissolved b3’’ heat if necessar3^ 
then cooled, and distilled winter sufficient to make 2500 ml. is added. 

Solution B — Z-Cystine 1.0 gm,, hydrochloric acid 5.0 ml. Water suf- 
ficient to make 333.0 mk is added. The cystine is then dissolved by heat. 
The solution is then cooled to room temperature and is brought to volume 
with water. 

Solution C — MgS04'7H20, 0.36 gm., is dissolved in 100 ml. of w*ater. 

All solutions are kept under toluene. 

To prepare medium for 100 assays tubes, 20 gm. of dextrose are dissolved 
in water and 250 ml. of Solution A, 20 ml. of Solution B, and 10 ml. of 
Solution C are added. The pH is adjusted to 7,6 and the volume is brought 
to 500 ml. with winter. 

Procedure — ^The assays are carried out in 22 X 175 mm. precision tubes 
standardized for use in an Evelym photometer. Standard and assays solu- 
tions are prepared as in the previous method. Duplicate tubes containing 
0, 0, 4, 8, 12, 16, and 20 7 of Z('-)-tryptophane are set up for the standard 
curve fFig. 2). Samples for assay are set up at increasing levels of con- 
centration estimated to approximate the amounts of try’^ptophane containe 
in the tubes for the standard curves. The volume is brought to 5 ml. 
distilled w^ater, and 5 ml. of the medium are added. The tubes are plugge 
with cotton and sterilized by autoclaving for 15 minutes at 15 pounds pres- 
sure. The inoculum is prepared by transf errmg the organisms from a recen 
agar slant culture to nutrient broth and incubating for from IS to 20 houm. 
The cultures are centrifuged and the supernatant liquid is poured 0 . 
The residue is brought back to volume with 0.85 per cent sodium c on 
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solution and mixed. 1 ml. of the suspended organisms is added to 19 ml. 
ot 0.85 per cent sodium chloride solution. Each of the tubes, except the 
nmttwo, which are used as balancing tubes for the photometer, is inoculated 
'nth approximately 0.05 ml. from a 1 ml. pipette of the dilute suspension 
ot the organisms. The tubes are incubated for 16 hours at 37?, and the 
turbidity is read mth a photometer. 



2. A typical K—) -tryptophane standard curve with Bberihdla lyphosa 

^ of M eikods — Data on the growth-promoting activity of a num- 

0 substances for the two organisms as compared to ^(~*)-trj^ptophane 
^ I. One sample of d^tryptophane had 65 per cent of the 
“tryptophane. We were not able to explain this increased 
tested nianufacturers. Indole is the only material so far 

j, iniportance in interfering \vith the test. It can be readily 

ph aqueous solution wthout removal of any of the trypto- 

mad ^ ^ ^baking with ether or toluene. However, tests for indole were 
hvd ^ Sobme’s reagent (14) on twenty-eight samples that had been 
pound ^'^^b 5 N NaOH for from 6 to 40 hours in an autoclave at 15 
l(^\ A ^d stored under toluene. These samples consisted of 

Of th casein, beef, pork, veal, lamb, wheat, peas, and potatoes, 

only !(*-) -tryptophane that had been autoclaved for 40 hours 
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gave a positive reaction. In this hydrolysate, a solution of 1 mg. of trypto- 
phane contained 0.1 7 of indole. Solutions of arachin and of ox muscle 
protein that had been digested with pepsin, trypsin, and erepsin, and of 
casein, lactalbumin, peanut meal, cottonseed meal, soy bean meal, com 
germ, wheat germ, black-eyed peas, and wheat that had been digested with 
pepsin and trypsin each gave negative tests for indole. This test for indole, 
in our hands, gave a positive reaction when 0.1 7 of indole was present in 
10 ml. of aqueous suspension. From these observations it is believed that 
the interference from indole can be disregarded and that the growth of the 
two organisms, under the conditions employed, is limited by the amount 
of Z(— )-tr)^ptophane that is added to the media. 


Table I 

Aclixnty 0 / Pure /Sul^sfancee /or Laclohacillus arahinosus 17-6 and Eherlhella iyphosa 
T-6S as Compared to H—) -Tryptophane 


Substance 

lactohacillus arabinosvs 



per cent 

per cent 

Indole 

90-120 (Molecular) 

180-240 (Weight) 

dZ-Tryptophane Sample 1* I 

65 

64 

(f <1 2* 1 

50 

50 

c* « 3^ 

50 

50 

3-Indolealdehyde* 

0 

0 

3-Indolal hydantoin* 

0 

0 

** thiohydantoin* 

1 0 

0 

y- (Indole-3) -n-butyric acid 

1 ot 

0 

Indole-3-acetic acid 

ot 

0.07 

/3- (Indole-3) -propionic acid 

ot 

0 


* Obtained through the courteey of Dr. L. E. Livak, The Dow Chemical Company, 
t Merck and Company, Inc. 

J Reported by Greene and Black (6). 


Comparisons of the Two Methods — Comparison of the determination 0 
Z{— )-tryptophane in hydrolysates by the two microbiological raetho 
(Table II) indicates that essentially identical results are obtained. 

The results discussed in the remainder of this report are based on assays 


with Lactobacillus arahinosus. ^ , 

Preparation of Materials for Assarj— Sodium hydroxide treatment 
enzymatic digestion for the liberation of tryptophane w^ere mvestiga e . 
Greene and Black (6) stated that tryptophane has been considered s a 
in sodium or barium hydroxide, though subject to racemization. 
studied the effect of barium hydroxide digestion of , 

casein, when treated mth 20 volumes of 5 n Ba(OH): and aut^ 
about 5 hours at 15 pounds pressure, yielded assay values of )- yf 
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onc-half the values obtamed from pancreatic diges- 
J r complete racemization was effected during 

(Laime lij'drolj^is. We investigated the effect of different methods of 

the assay values of Z(-)-ti7ptophane in 
different matenals. 50 ml. of 5 n NaOH were added to each £n. of Z(-)- 

Table II 

Results of Assays for H~).Tryptophane by Lactobacillus arabinosus 17-6 and 


^(*-)-Tryptophane 


Arachin 

Conarchin 

Glycinin 

/Wheat bran albumin 
Jjactalbumin 
Black-eyed peas 


Horae meat 
Smoked ham 


Method of hydrolysis* 

Arj. 

Autoclavedf 6 

tt 

40 

Refluxedt 

6 

it 

6 

“ § 

6 

Autoclaved 

6 

(( 

20 

rc 

40 

Refluxedt 

6 

it 

6 

it 

6 

it 

6 

It 

6 

Autoclaved 

6 

ft 

40 

tt 

6 

it 

40 

tt 

40 

Refluxed§ 

6 


Per cent of /C^)- tryptophane found 


Lactobadllui 

orabinosus 


Eberthdlc 

lyphosa 


\ in ou ml. or 5 N NaOH fc 
«atoated gm. of protein. 

t 15 pounds pressure. 

1 over an electric hot-plate. 

§ Kefluxed in an oil bath at 175^ 


(^)-tr 3 i)tophane or for each 


coiZ pure protein, and to each estimated gm. of protein in more 

Do substances. Different samples of each were autoclaved at 15 

for^ h different lengths of time, refluxed in an on bath at 175® 

ours, or refluxed for 6 hours over an electric hot-plate. Pure 
ophane assayed 92 per cent of its ori^al activity after being refluxed 
ho ^ hot-plate, 74 per cent was found after being autoclaved 6 

i and 68 per cent after being autoclaved 40 hours, respectively, with 
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the alkali. Several samples of casein were similarly treated. The assay 
values were 0.42 to 0.5 per cent after the samples were refluxed for 6 hours 
over a hot-plate, 0.53 to 0.71 per cent after being refluxed in an oil bath 6 
hours, 0.46 to 0.51 per cent after being autoclaved 20 hours, and 0.46 to 
0.53 per cent after 40 hours in the autoclave. The values for black-eyed 
peas were 0.10 per cent after 6 hours and 0.135 per cent after 40 hours in 
the autoclave, and for wheat 0.056 and 0.076 per cent after similar treat- 
ments Values of 1.18 per cent for casein, 0.21 per cent for black-ejTcl 
peas, and 0.11 per cent for wheat, after enzymatic chgestion, were obtained. 
These results indicate that racemization of pure Z(~) -tryptophane takes 
place slowly when the substance is refluxed or autoclaved with 50 volumes 
of 5 N NaOH; that irregular values are obtained in casein after exposure to 
the alkali under the same conditions; and that digestion of peas and wheat 
takes place slowly. 

Enzymatic digestions were next studied. The effect of pepsin, tr}T)sin, 
papain, taka-diastase, polidase, pangestin, erepsin, ch3Tnotr:JT)sin and 
chjmotrypsinogen,^ either individually or in various combinations, was 
tested. The enzyme combinations that gave the highest jdeld of /(-)- 
tryptophane in casein, viz, 1.36 per cent and 1.35 per cent were (1) pepsin, 
trypsin, and chymotrypsin, and (2) pepsin, trypsin, and chymotr^^psmogen. 
Unfortunatel3% we were able to obtain only a sufficient amount of two ol 
the enz3Tnes (ch3motr3’'psin and chymotr3’'psinogen) to digest two small 
samples of casein with each. The combinations of commercialb*' obtainable 
enz3Tnes that gave the liighest repeatable 3delds of tryptophane in pure 
proteins, corn and wheat germs, flours, black-e3’“ed peas, and wheat were 
pepsin, tr3''psin, and erepsin, or pepsin and trypsin. 

Procedure for Digesting Materials with Pepsin^ Trypsin, and Erepsin, 
and until Pepsin and Trypsin — ^Tlie amount of assa3^ material estimated to 
contain 1.0 gm. of protein is weighed into a 100 ml. Erlenme3^er flask; 50 
niL of 0.1 N H2SO4, and 10 mg. of pepsin (1:10,000 potenc30 are added. 
The flask is incubated overnight at 37®, then 3,0 gm. of K2HPO4 *121110 
are added, and the pH is adjusted to 8.4. 10 mg. of tr3psin (1:300 po- 
tency) are added and the flask is again incubated 12 to 24 hours at 40 . 
After the pH is adjusted to 7.8, 100 mg. of erepsin are added and the has ' 
is incubated for 2 days at 40°. The pH is then adjusted to 6,8 and the ^ 0 - 
lime is brought to 100 ml. with water. The flask is shaken occasiona > 
during each incubation period. The contents are kept under toluene 
throughout the process of digestion. ^ . 

xV similar amount of matci'ial to be assayed is treated with pepsia * 
above. After incubation, the basic phosphate is added and the P 

5 Received through the courtesy of Dr. Dean Burk of the National Cancer Institute 
of the National Institute of Health. 
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adjusted to 8.4. 50 mg. of trypsin are added and the flask is incubated 
for 3 days at 40®. The pH is adjusted to G.8 and the volume is brought to 
100 ml. 

Enz}"me controls are digested with each procedure, the difference being 
that 10 times the amount of enz3"mes employed in digesting the assay 
materials are digested unthout the addition of the assay materials. The 
amount of tryptophane calculated to be present in the enzj^mes used in the 
digestion is deducted from the total amounts of tryptophane found in the 
assayed materials. 


Table III 

Results of l{—) -Tryptophane Recovery When Added to Materials and Hydrolyzed with 
Sodium Hydroxide and When Digested with Pepsin and Trypsin 


Material 

1 Method of hydrolysis 

Percent of added 

I /(-)-tr>'pto- 
phanc recovered 

Casein 

Refluxed over hot-plate 6 hrs. with NaOH 

80 

(1 

Autoclaved 20 hrs. wth NaOH 


i( 

» 40 » ** 


Black-eyed peas 

Refluxed over oil bath 6 hrs. with NaOH 


it ti 

Autoclaved 6 hrs. with NaOH 

1 92 

(t tt 

» 40 » » 

8S.5 

Whole wheat 

II g II II II 

83 

II 

It ^ II II II 

S3 

Casein 

Pepsin and trypsin digestion 

100 

Lactalbumin 

11 It II II 

102 

Cottonseed flour 

It 11 It II 

99 

Soy bean flour 

II II II II j 

102 

Com 'germ 

II It II II 

1 

101 


In actual assays, evidence of complete digestion of the materials is in- 
dicated only when there is imiform comparison of the assay material and 
the K^)-tryptophane standard throughout. If digestion is incomplete, 
ascending values result when increased amoimts of the assa}' material are 
added to the culture tubes. 

As a further test of the two methods of digestion, kno'ivn amounts of 
-tryptophane were added to the materials before hydrolysis and the 
per cent of recovery of this tryptophane was determined. 

The recovery of Z(“-)-tryptopbane after sodium hydroxide hydrolysis 
vith assay materials gave irregular results. The recoverj’' varied between 
77 and 96 per cent. When Z( — ) -tryptophane was added to materials and 
digested by pepsin and trypsin, the recover^’’ was from 99 to 102 per cent 
(Table III). This adds further evidence that alkali hydrolysis is unsatis- 
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factory as a method of preparing materials for the assay of tryptophane 
by the microbiological method. 

Assays hy Microbiological and Chemical MethodsSamples of proteins 
and other materials that had been hydrolyzed with sodium hydroxide and 
that had been digested by pepsin, trypsin, and erepsin were assayed in- 
dependency by Horn and Jones by their chemical method and by us by 
our microbiological method (Table IV). 


Table IV 

Nitrogen and Tryptophane Values for Proteins and Other Substances on Moistxire-Free 
^ Basis Expressed in Per Cent 


Material 

Nitrogen* 

Digested by pepsir*, 
trypsin, and erepsin 

1 

Rcfluied wth sodium 
hydroxide over electric 
hoC-pIate 

Micro* 
biolodcal 
method 1 

Chemical 
method* ^ 

Micro- 

biological 

method 

Chemical 

method* 

Labco casein 

' 14.42 

1.20 

1.20 

0.47 1 

Bl 

Arachin 

i 18.30 

1.08 

0.97 

0.38 


Lactalbumin 

1 15.40 

1 1.79 

1.79 

1 0.75 


Ox muscle protein 

16.00 

1.17 

l.lS 

I 0.45 

1.24 

Phoseolin 

16.10 

0,38 

0.3S 

0.25 

0.70 

Lima bean globulin 

15.10 

0,90 

0.89 



Velvet bean globulin 

16.70 

0.73 

0.73 

0.34 

0.69 

Cottonseed flour (Proflo) 

9.88 

0.63 

0.64 

0.36 

0.89 

Peanut flour 

9.85 

0.55 

0.66 

0.28 

: 0,59 

Soy bean flour 

8.81 

0.55 

0.62 

1 0.36 

1 0.87 

Wheat germ (defatted) 

6.58 

1 0.36 

0.33 

I 0.33 

0.40 

Corn “ “ 

3,74 

0.24 

0.26 

0.22 

0.33 

Black-eyed peas 

4,21 

0.24 

0.22 

0.15t 


Whole wheat 

1 2.14 

1 0.13 

1 0.14 

0.09t 




* Determined by Horn and Jones (foot-note 2). 

t Autoclaved, 40 hours with 50 ml. of 5 n NaOH per estimated gm. of protein. 


When samples were hydrolyzed with sodium hydroxide and assayed by 
both methods, wide differences were obtained. The values of seven 
proteins assayed by the microbiological method gave from 25 to 60 per cent 
of the values obtained by the chemical method. The values of three flours 
were from 40 to 49 per cent and of com and wheat germs 67 and 82 per 
cent, respectively, of those shown by the chemical method. The Ingh 
values obtained by microbiological assay of the germs, peas, and wheat as 
compared to those obtained by the chemical method on these hj^drolysates, 
or to those obtained by the microbiological assay of these substances after 
digestion mth enzymes, could be explained only by probable incomple e 
racemization by the sodium hydroxide hydrolysis of the Z(-)-tiyptopnane 
contained in these materials. 
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The results of the assaj’s of the enzj’-me digests by the two methods were 
in verj’' close agreement. 


SUMMARY 

1. Two methods of assaying )-tryptophane, one by utilizing Lado- 
bacillus arabimsus 17-5, and the other Eberthella iyphosa T-63, are de- 
scribed. 

2. The assay of Z(— )-tr 3 ^tophane by the two methods gave identical 
results. 

3. Irregular ^(—) -tryptophane values are obtained in sodium hydroxide 
hydrolysates of proteins and in protein-containing foodstuffs. 

4. The digestion of proteins and other materials by enzymes and the 
superiority of this form of hj^droij^sis for microbiological assays are dis- 
cussed. 

5. Close agreement in the amount of trjptophane in materials digested 
by enzjunes is obtained in assays both by the chemical method of Horn 
and Jones and by our microbiological method. 

We wish to express our appreciation to Mrs. C. M. Palmes for her tech- 
nical assistance with some of the enzyme digestions and assays. 
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A RAPID COLORIMETRIC METHOD FOR THE DETERMINATION 
OF TRYPTOPHANE IN PROTEINS AND FOODS* 

Br MILLARD J. HORN and D. BREESE JONES 

(From the Bureau of Human Nutrition and Home Economics^ Agricultural Research 
Administration y United Slates Department of Agriculture ^ Washington) 

(Received for publication, August 28, 1944) 

A survey of the literature shows that the values given by several investi- 
gators for the tiyptophane content of certain proteins are twice those re- 
ported by others for the same protein. In practically all cases the high 
values were obtained by colorimetric methods in which the color developed 
was compared against that similarly obtained with casein, the value for the 
casein having been predetermined by the same procedure vdth free trypto- 
phane as a standard. The tryptophane values for casein thus found ranged 
from 2 to 2.4 per cent. These high values for tryptophane in casein have 
been reported b 5 ’' May and Rose (1) and others (2-5) who used their method 
or modifications of it. On the other hand, Shaw and McFarlane (6), 
Block and Bolling (7), with different colorimetric procedures, and Greene 
and Black (8), by a microbiological method, found casein to contain from 
1 to 1.20 per cent of tryptophane, 

Sullivan, Milone, and Everitt (4) developed a modification of the May 
and Rose method \which greatly shortened the time required for the deter- 
mination of tryptophane. When casein was heated with hydrochloric acid 
and p-dimethylaminobenzaldehyde at 85° for 15 minutes, a blue color de- 
veloped after the addition of 0.3 per cent hydrogen peroxide, which remained 
permanent for 24 hours. The values for casein were identical \vith those 
obtained after 8 days digestion according to the Ma}'' and Rose method. 
The color thus obtained was then compared “with that given by a standard 
solution of free tryptophane, treated according to the May and Rose 
method. They found 2.4 per cent tiyptophane for casein. 

Shaw and McFarlane (9) made a critical study both of the May and Rose 
method and the rapid method of Sullivan, Milone, and Everitt, and showed 
that erroneous results are obtained by these methods, due to the fact that 
tryptophane, as combined in the protein molecule, gives more color with the 
T^hmethylaminobenzaldehyde reagent than does an equivalent amount of 
free tryptophane imder the same conditions. They also showed that the 

The detemnnation of tryptophane in proteins and foodstuffs was begun as a 
collaborative study with Dr. Jerald G. Wooley and Dr. W. H. Sebrell of the National 
^titute of Health, who are reporting the determination of tiyptophane by micro- 
10 o^cal methods in the preceding paper. 
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mode of linkage and degree of oxidation of tryptophane influence the color 
reaction, so that the source of error in the procedure lies in the use of free 
tryptophane as a standard 

We have confirmed the findings of Shaw and McParlane (9) and found 
that free tryptophane determined by the rapid method of Sullivan, hlilone, 
and Everitt, or by the long May and Rose method, gives only one-half the 
maximum color obtained by an equivalent amount of tiyptophane when 
combined in the casein molecule. However, the several methods for deter- 
mining tryptophane, in which p-dimcth^daminobenzaldehyde has been em- 
ployed, can be used vdth consistent results only if it i^ kept in mind that 
when the tryptophane is in peptide union the maximum color develops 
either at 85® or at room temperature, but when the tryptophane is free the 
maximum color develops only at room temperature. By use of the method 
here described the tiy^ptophane content of casein was found to be 1,1 to 1.2 
per cent, and the values for other proteins approximately one-half of the 
higher values that have been reported. 

The excellent method of Shaw and McFarlane, as applied to purified 
proteins, is inapplicable to hydrolysates of materials containing carbohy 
drates such as meais and dours, because of darkening of the sofution by the 
sulfuric acid used. Although concentrated hydroclilorio, acid as used in the 
method of May and Rose does not produce the darkcjning effect, it has, 
however, the (fisadvantage of requiring several days for development of the 
maximum color. Furthermore, so long a contact 'ivith a reactive agent such 
as p-dimethylaminobenzaldehyde may involve secondary’' reactions that 
may interfere uith measurement of true tryptophane values. 

Because of the destructive effect of acid hy’drob^s on tryptophane in 
proteins, sodium h3^droxide is generally used as the hydrolytic agent. Al- 
though satisfactory when used with isolated protmns, alkaline hj^drob^Bis 
cannot be applied to material such as meals, flours, and whole seeds because 
the carbohyi^tes present produce colored solutions which interfere with 
colorimetric determinations. This diflSculty has been satisfactorily met 
by overnight digestion of the material with papain. After removal of the 
fiber and most of the starch, light colored solutions of the protein material 
are obtained. 

Tryptophane determinations made on a number of isolated proteins 
foodstuffs by the procedure herein described gave results closely agreemg 
with those obtained independently on the same materials by the microbio- 
logical methods of Wooley and Sebrell. 

EXPERIMENTAL 

Delemtnaiions of Free Tryptophane — ^That the maximum color for free 
tryptophane is not developed by the short method of Sullivan, Milone, an 
Everitt at 85° was sho\vn by the following series of experiments. 
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10 mg, of pure tiyptophane were dissolved in water and the solution was 
made up to 100 cc. A 0.5 cc. aliquot was introduced into an Eveljm color- 
imeter tube, followed by 0.5 cc. of a 5 per cent solution of p-dimethylami- 
nobenzaldehj'de in concentrated liydi'ochloric acid. Finally, there were 
added 1 cc. of water and 5 cc. of concentrated h 3 "drochloric acid. A pink 
color developed almost immediately. After the solution had stood for 5 
minutes at room temperature, during which time the pink color had faded 
somewhat, 1 drop of 0.2 per cent sodium nitrite solution was added. Within 
a few seconds a pure blue color developed. A tube containing 2 cc. of water, 
5 cc. of concentrated h 5 ^droch]oric acid, and 1 drop of sodium nitrite solu- 
tion was used as a' blank for color comparison. After standing for 2 minutes, 
a color reading of 82 was observed which remained constant for 1 hour. 

A second aliquot of the tr 3 ^ptophane solution was treated in the same 
manner as the first, vdth the exception that 1 drop of a 0.3 per cent solution 
of hydrogen peroxide was added instead of the sodium nitrite. The tube 
was placed in the colorimeter immediatel 3 ^ The blue color gradual^ de- 
veloped to a maximum reading of 82. This value remained constant for 
about 30 seconds, after which it gradually faded. 

A third tube containing the same reagents except the oxidizing reagent 
was heated for 15 minutes at 85® and a drop of hj^drogen peroxide was added. 
After the tube was cooled, a j*eading of 89.5 was observed. This value rep- 
resents a color intensitj- approximately’’ one-half of that obtained \sith 
aliquots treated at room temperature. 

In order to develop data for plotting standard curves for free try^ptophane 
values, colorimetric measurements by the three different methods described 
above were carried out \rith aliquots con taming 0.0, 0.02, 0.04, 0.06, and 
0.08 mg. of tryptophane. The maximum readings obtained uith hy^drogen 
peroxide and sodium nitrite, after the material stood at ro5m temperature 
for 5 minutes, were in every case tuice those obtained vith hy^'drogen perox- 
ide at 85°, and the results are sho'vra in Table I. The reading, 92, for 0.04 
mg. concentration obtained at 85® is approximately the same as the reading, 
91.5 obtained for 0.02 mg. concentration at room temperature. 

Standard Curves for Free Tryptophane — Standard tryqrtophane cun’^es 
were prepared by using eleven colorimetric tubes containing from 0.0 cc. to 
1 cc. (ranging in increasing order of 0.1 cc.) of an aqueous try’ptophane 
solution containing 10 mg. per 100 cc.; and 0.5 cc. of a 5 per cent solution 
of p-dimethylammobenzaldehy’’de in concentrated hy^drochloric acid ^^as 
added to ail of the tubes except the blank The eleven tubes were then 
made up to 2 cc. with distilled water, and 5 cc. of concentrated hydrochloric 
acid w’ere added to each tube and the mixture shaken. After the tubes had 
stood for 5 minutes, 2 drops of an aged 5 per cent aqueous sodium nitroprus- 
side solution or 1 drop of a 0.2 per cent sodium nitrite solution was adde . 
The characteristic blue color developed at once. After 2 minutes, readings 
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Delermination of Tryptophane in Various Proteins and Food Materials — 
Having established that the maximum color for free tryptophane could 
be developed at room temperature comparable to its equivalent of trypto- 
phane" in the protein, the procedures described were applied to the deter- 
mination of tliis amino acid in a number of available isolated and purified 
proteins. It was of interest to find out whether the procedures, vdth what- 
ever modifications might prove necessarjq could be successfully applied 
also to food materials such as meals and whole seeds. 

The presence of carbohydrate material in most naturally occurring pro- 
tein foods precludes the use of alka.li hydrolysis, because of the formation 
of dark and colored solutions which obviously render satisfactory colori- 
metric determinations impossible. Furthermore, complicating chemical 
reactions take place between the amino acids and carbohydrates or their 
derivatives. A simple and rapid method was developed for preparing 
solutions of the nitrogenous matter in meals and flours containing a mini- 
mum of carbohydrate, and which can be used directly for colorimetric 
tryptophane determinations. The method is applicable also for preparing 
solutions of isolated proteins. By digesting the material at pH 8 vnih. an 
enzyme solution, 97 to 98 per cent of the nitrogenous materiaf goes info 
solution, leaving the starch and fiber in suspension. 

The enzyme solution was prepared as follows: 2 gm. of commercial 
papain were shaken for 2 minutes vith 100 cc. of water, and the mixture 
filtered. 10 cc. of the clear filtrate were used for each determination. The 
tryptophane content of the enzyme solution, 1.1 per cent, was found to be 
the same whether determined on the above preparation or after autodiges- 
tion overnight ^vith 10 drops of sodium cyanide solution. Blanks for the 
tryptophane were run with each series of protein detcjrminations. 

In preparing the protein solutions, 1 to 3 gm. portions of the material, 
depending on its nitrogen content, were introduced into an Erlenmeyer 
flask. There were then added 36 cc. of 0.05 n sodium h 3 '’droxide, 10 cc. of 
the papain solution, and 10 drops of a 5 per cent sodium cyanide solution. 
The flasks were stoppered and allowed to remain in an oven at 70° over- 
night. A small amount of Celite was then added. After the flasks were 
shaken, the suspension was filtered and the Celite was washed on the filter 
with water. The clear light yellow solution was then diluted vnih ivater 
to a volume of 100 cc. 

The tryptophane content of a number of isolated proteins and of food- 
stuffs as determin ed by the chemical procedure is given in Table III. There 
are also included for comparison values for the same materials determine 
by microbiolo^cal methods. In this collaborative work, aliquots of t n 
same hydrolysates and papain digests prepared and analj^zed by t e 
chemical method in our laboratory were also analyzed by Dr. Wooley an 
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Dr. Sebrell b}" the microbiological methods.^ Similarly, aliquots of enzy- 
matic digests and hydrolysates, prepared and analyzed in Dr. Wooley’s 
laboratorj”, were analyzed in our laboratoiy by the chemical method. The 
results obtained for both isolated proteins and foodstuffs b}" the two meth- 
ods are in close agreement, '\\’ith the exception of those obtained v.'ith the 
sodium h3^droxide hydrol3’sates. Tr3q)tophane cannot be satisfactoiih' 


Table III 

Tryptophane Content of Some Isolated Proteins and Foodstuffs Determined by Chemical 
and Microbiological Methods* 


The percentages are calculated on a moisture-free basis. 


Material 

N 

Determined 
chemically 
on piapain 
h>drol>- 
sates 

Analyses made on 
pepsm, topsm, and 
erep:>in digebtst 

Analj «es made on 
NaOH hjdrob«ates 

Deter- 

mined 

chemi- 

callj 

Deter- 

mined 

microbio- 

loEican> 

Deter- 

mined 

chemi- 

calb 

Deter- 

mined 

raicrobio- 

logically 

Arachin 

18.30 

0.90 

0.97 

l.OS 

0.70 

0.3S 

Conarachin 

18.20 




1,02 

0.46 

Casein (Labco). .. 

14.42 

1.20 

1.20 

1.20 

1.10 

0.47 

Cottonseed globulin. . 

18.00 

1.29 



1.24 

0.60 

Georgia velvet bean globulin 

16.70 

0.60 

0.73 

0.73 

0 69 

0.34 

Glycinin (soy bean) . . 

17.50 




1.01 

0.44 

Lactalbumin .... I 

15.40 

1.72 

1.79 

1.79 

1.74 

0-75 

Lima bean globulin . 

15.10 

1.01 

0.89 

0 90 

1.01 

0.60 

O.V muscle 

16.00 i 

1.30 

I.IS 

1.17 

1.24 

0.45 

Phaseolin (navy bean) 

16.10 

0.50 

0.3S 

0.38 

0.70 

0 25 

Squash seed globulin 

18.50 1 




l.SS 

0 76 

Wheat bran albumin. 

15.40 



1 

2.31 

1.30 

Com germ (defatted) 

3.74 

0.23 

0 26 ! 

0 24 

! 0 33 

0.22 

Cottonseed flour (Proflo). 

9. 88 

0.70 

0.64 

0.63 

0.89 

0.36 

Peas (black-e3^ed) 

4.21 

0.23 i 

0.22 j 

0.24 


0 . 2 s 

Peanut flour 

9.85 

0.56 

0.56 

0 55 

0.59 ' 

Soy bean flour 

8.81 

0.62 

0.62 

0.55 1 

0 87 

0.35 

WTieat (whole) 

2.14 

0.16 

0.14 

0 13 ; 

1 I 


“ germ (defatted) . 

6. 58 

0.30 

0.33 

0.36 1 

0.40 

0 33 


* The microbiological determinations were made by Dr. Wooley. 
t The pepsin, tr3T)sin, and erepsin digests were prepared b3’’ Dr. Wool 63” , 


determined b}’’ the microbiological method on alkali h3’drol3’sates of protein 
because of partial racemization of the amino acid b3' the alkali during 
hydrolysis. The organism can utilize onl3' the Z-tr3Ttophane. 

' Owing to the fact that the papain digests were on!}' partially hj’drob'zt^, the 
results obtained by the microbiological methods were low and arc not included in 
Table III for comparison. 
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It is of interest to note that, if the higher percentages of tryptophane 
recorded in the literature for casein and other proteins are di\dded by two, 
the results in most cases will agree fairly cjosely with those given in 
Table III. 


SUMMARY 

A rapid colorimetric method for the determination of tryptophane in 
isolated proteins and in foods is described. The tr^'^ptophane values found 
are in close agreement with those obtained nncrobiologicaUy for the same 
materials by Wooley and Sebrell. 
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THE COLORIMETRIC DETERMINATION OF FRUCTOSAN IN 
PLANT MATERIAL 

By WILLARD L. McRARY* and IMARION C. SLATTERY 
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Department of Agriculture^ Salinas ^ California) 

(Received for publication, October 5, 1944) 

The ^^ide distribution of fnictosan in the Compositae, Gramineae, and 
certain other families and the phjrsiolo^cal importance of this polysaccharide 
in the carbohydrate economy of these plants emphasize th« need for a simple, 
rapid method adaptable to routine determinations. Embodjdng the con- 
venience of colorimetry, the procedure to be described offers certain ad- 
vantages over methods now in current use for plant materials. 

The usual techniques for the determination of fnictosan in plant extracts 
consist of a preliminary hydrolysis of the polysaccharide, followed by an 
estimation of fructose on the basis of its reducing power either selectively 
in the presence of other reducing sugars (1), or after oxidation of aldoses by 
iodine in alkaline solution (2). Since these methods involve laborious 
titrimetric or gravimetric manipulations, their application on a large scale 
is highly restricted. This consideration in conjunction vdth. the frequently 
doubtful specificity of the above procedures suggested an investigation of 
the applicability of a colorimetric determination. 

Colorimetric methods for the determination of inulin (and fructose) 
in blood and urine are based on the color reactions given b}' the poly- 
saccharide "with reagents such as diphenylamine (3-5), skat ole (6-3), and 
resorcinol (9-11), In these procedures the reaction is carried out in 
strongly acid solution, and the color results from the interaction of the 
reagent with fructose formed by hydrolysis of the inulin. Sucrose and 
preformed fructose would thus be included in the determination and, 
especially in the case of plant material, must be eliminated. Since in 
most carbohydrate studies on plants it is desirable to determine the mono- 
and disaccharides as well as the polysaccharides, a separation of the latter 
class of compounds from the former may be effected bj' an ethanol extrac- 
tion. 

The procedure as described below for the development and measurement 
of a colored compound formed b^’’ the interaction of fructose and resorcinol 
is a modification of the method of Roe (9), which is based on the familiar 
Selhvanoff test for ketoses. A considerable increase in the sensitivitj' and 
reproducibilitj^ of the method has been effected by a change in the con- 
ditions for the color reaction, and through the application of photoelectric 
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colonmetiy at a selected region of the spectrum. These improvements 
permit of greater dilutions of the unknovTi solution, vith virtual elimination 
of errors due to pigments and non-fructosan chromogens. The adaptation 
of this method to certain plant materials has been studied in detail, but 
wide variations in the chemical composition of plant extracts derived from 
other species argue against its indiscriminate application without due 
regard to possible sources of error. Procedures for assessing the magnitude 
of these errors are given. 

Reagents — 

Alcoholic resorcinol (Eoe). 1 gm. of resorcinol in 1 liter of 95 percent 
alcohol. 

30 per cent HCl (Roe). 1 volume of distilled water in 6 volumes of 
concentrated HCl.' 

Fructose standard. Stock solution, dissolve 100 mg. of fructose in 100 
ml. of saturated aqueous benzoic acid solution. This solution is kept 
in the refrigerator and is used to prepare the ^vorking standard by diluting 
4 ml. to 100 ml. 


Procedure 

Preparation of Samples — Plant tissues are preserved by placing them in 
boiling alcohol or by drying in a convection oven at 65-75® with or without 
a short pretreatment at 90-100° to destroy enzymes. After the dry ma- 
terial is ground, 1.00 gm. samples are continuoiisly extracted with 80 per 
cent ethanol for 6 hours, and dried in the thimble. The alcoholic extract 
may be analyzed for ethanol-soluble sugars in the usual manner. 

Extraction of Fruclosan — The dry extracted material is quantitatively 
transferred to a 100 ml. volumetric flask and about 20 ml. of winter added. 
After being held in a water bath at 95-100° for 10 minutes, the tissue will 
be 'SveV' and can be w^ashed into the bottom of the flask with about 70 
ml. of water. The flask is then replaced in the bath for another 30 minutes 
with occasional swirling to dissolve the fnictosan completel 3 '’, and is finally 
removed and cooled to room temperature. 

Clanficaiion — If the solution is colloidal in character or pigmented, sat- 
urated neutral lead acetate is added until no further precipitate forms. ^ The 
contents are then made to 100 ml., mixed, and filtered into a flask containing 
dry potassium oxalate. The resulting lead oxalate is removed by a secon 
filtration. If the original solution is clear and only faintty colored, no 

1 Variations in the strength of this reagent, due to differences in the HCl content 
of “concentrated hydrochloric acid/* may be eliminated by adjusting the so u w 
to a definite specific gravity; for example, to 1.1600. Tins will tend r 

differences in photometric readings arising from slight variations in the strengt 
the above reagent. 
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treatment other than filtration may be necessary, especially if the solution 
is to be greatly diluted. 

Color Development — 5 ml. of the extract (diluted to contain 1 to 8 mg. 
of fructose per 100 ml.), 5 ml. of alcoholic resorcinol, and 15 ml. of 30 per 
cent HCl are pipetted into a test-tube. Similarly 5 ml. of water, and 5 
ml. of a standard fructose solution prepared from the stock and containing 
4 mg. of fructose per 100 ml., are placed in separate tubes, and the resorcinol 
and acid added. After the contents are mixed, the tubes are placed in an 
80° water bath for 20 minutes, cooled to room temperature, and the color 
density determined in a photoelectric colorimeter ivith a green (540 mfi) 
filter. The reagent blank is used to establish the reference setting. In 
the Klett-Summerson colorimeter (research model) equipped with a solution 
cell affording a 2.5 mm. light path through the test liquid, Beer’s law holds 
up to a concentration of about 40 mg. per cent of fructose. It is recom- 
mended, however, that tubes supplied with the instrument be used in 
routine work because of the added convenience and increased sensitivity 
thereby attained. Under these conditions Beer’s law appears to obtain up 
to about 8 mg. per cent of fructose concentration, but individual instru- 
ments vary somewhat in this respect. From the reading of the standard 
is obtained a factor hy which readings of the imknovms are converted to 
concentrations of fructose. Inulin is not used as a primary’' standard, 
because the chromogenic value varies with the source and the method of 
preparation. 

EXPERIMENTAL 

Preparation of Sample — Identical samples of a fructosan -containing 
tissue (guayule stems) were prepared by plunging them in boiling alcohol, 
and by drying for 12 hours at 65° and at 85° in a convection oven "with and 
%vithout a 30 minute pretreatment at 100°. There was no significant dif- 
ference in the reducing sugar-sucrose ratio or the fructosan content of any 
of the samples thus prepared. However, the method used in practice 
must be based upon the nature of the material under consideration, and 
no general procedure can be recommended for all plants. 

Alcohol Extraction — With both ground plant material and inulin as test 
substances, alcohol at concentrations ranging from 70 to 95 per cent by 
volume has been studied as extracting medium. At the 80 per cent con- 
centration recommended reducing sugars and sucrose are completely 
removed in a 6 hour period, but less than 1 per cent of the fructosan present 
is extracted. Typical cun^’es indicating the distribution of fructose (all 
forms) in alcohol and water extracts of guajuile roots at various alcohol 
extraction times are shovm in Fig. 1. Extraction end-points are attained 
hi 4 to 5 hours. 
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Clanficaiian — The possible loss of fructosans on treatment of aqueous 
extracts with neutral lead -acetate has been studied in a recovery experiment. 
To a hot water extract of a ground sample of gua 3 uile tissue (previously 
extracted with 80 per cent ethanol) were added varying amounts of inulin. 
The solutions were then clarified as described in the procedure, and 
fructosan determinations carried out on the resulting clear filtrates. Re- 
coveries are shown in Table I, %vith all values 'vvithin the ^fc:5 per cent range 



Fig. 1. Curves showing the distribution of fructose (all forms) in alcohol and sub- 
sequent hot water extracts of guayule tissue at various alcohol extraction times. 
The data are expressed as per cent fructose in the dry sample. 

Table I 


Effect of Clarification with Neutral Lead Acetate on Recoverp of Inulin Added to Plant 
Extracts {Guayule) Containing $.5 Mg, of Fructosan per 100 Ml. 


IduUd added | 

Inulin recovered 

I Recovery of added inulin 

rug. 

trtg. 

\ per cent 

7.70 

7.60 

\ 99 

3.79 

3.92 

i 103 

1.94 

1.89 

1 08 

0.77 ] 

0.73 

! 95 


of reproducibilit}'' of the method. The volumes of the ground tissue and 
lead precipitates are negli^ble for purposes of this determination. 

The use of charcoal as a clarifying agent is attended by certain restric- 
tions. As Roe ha« shown, fructose is not adsorbed by charcoal from 
solutions acid to pH 3.1. Fructosan (inulin), however, is lost upon charcoal 
treatment of its solutions even in strong acid. It is feasible to hydrolyze 
the fructosan in water extracts by making the solution 0.15 n in HCI aud 
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heating in a water bath at 80® for 15 imnutes. Charcoal clarification with 
high grade acid-washed decolorizing carbon may then be carried out without 
significant error. If this procedure is used, the standard should be carried 
through a similar treatment. 

Color Development — With a photoelectric colorimeter, it W'as obser\xd 
that the 8 minute heating time recommended by Roe failed to give stable 
color densities after cooling. A study of the relation of color density to 
heating time indicated that the reaction was essentially complete after 20 
minutes at 80® (Fig. 2). This heating period yields color densities that 
change after cooling at the negligible rate of about 1 per cent per hour. 
Shorter heating times show considerablj’' less stability. 

Interference — ^The relatively short water extraction time (40 minutes) 
and the subsequent lead acetate clarification preclude the presence of high 
concentrations of the more insoluble polysaccharides in the filtrate taken 



Fig. 2. The relationship between color density and heating time for the reaction 
of fnictosan with resorcinol reagent. 

for analysis. How^ever, the presence of starch, w'ater-soluble pentosans, 
^and similar highly organized carbohydrates which would jield glucose, 
galactose, or pentoses under the conditions for color development cannot 
always be ignored. The degree of interference introduced bj' such sub- 
stances has been studied by adding known amoimts of the sugars to stand- 
ard fructose solutions and measuring the resulting errors. The data thus 
obtained indicate that additive errors of less than 3 per cent are incurred 
by the presence of galactose up to 3 times, glucose up to 4 times, and pen- 
tose up to 10 times the concentration of fructose present. 

An estimate of the interference due to polj’saccharides other than those 
3delding fermentable sugars on hydrolj’sis and to non-carbohydrate chromo- 
gens may be made as follows: A suitable aliquot of the water extract is 
made 1.0 N in HsSOi and heated in a boiling water bath for 2 hours. The 
solution is then neutralized, made to volume, and filtered. To a portion 
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of this hydrolysate is added 0.2 volume of a yeast suspension made b 
washing bakers* ^''east at the centrifuge until the supernatant is perfectl 
clear and suspending the packed cells in an equal volume of phosphal 
buffer, pH 6.8. After an incubation period of 3 hours at 37°, the yeast i 
centrifuged do^Mi and the clear supernatant analyzed for its chromoge 
content. In most cases this blank value vill be found negligible, or sui 
ficiently constant to obviate routine determinations on each sample. 

Comparison of Resorcinol Reaclion xviih Hypoioditc Method — In Table I 
are sho\\Ti data comparing fructosan values obtained by the resorcinc 
method vith reducing sugar values foUo'svIng hydrolysis and iodine oxida 
tion of aldoses in alkaline solution (2). The somewhat lower results ol 
tained vnth the resorcinol method might be ascribed to the greater specific 
ity of this procedure. 


Table II 

Comparison of Results by Colorimetric Method with Reducing Sugar Values afic 
Hydrolysis and Iodine Oxidation of Aldoses 


Sample No. 

Tructosan content (ryc-grass)* 

Colorimetric method 

Reducing value after hydrolysis 
and oxidation of aldoses 

1 

1.5 

1.7 

2 

7.6 

9.1 

3 

9.9 

10.8 

4 

12.6 

13.1 


* Rye-grass samples and the data of the last column were kindly supplied by Dr. 
J. T. Sullivan, United States Department of Agriculture. The values are expressed 
in per cent based on the dry weight. 


DISCUSSION 

The foregoing method was developed primarily for a stud}*' of carbo- 
hydrate metabolism in guajuile, Parihennim argentaium. Ail parts of this 
plant have been successfully analyzed by the procedure outlined, and no 
difficulty was experienced in applying the technique to several other spewes 
containing fructosan. However, because of the vddely vai^ong chemical 
constitution of different plant groups, it is recommended that when the 
method is used for the first time on a given species the clarified water 
tract be analyzed for starch by the amylase method or by starch-iodide 
colorimetry (12), If the glucose equivalent of the starch pre^nt is suf- 
ficiently high (4 times the approximate fructosan concentration) to in- 
troduce a significant error, appropriate corrections must be made, or me 
starch digested with amylase and the resulting products femented out mth 
yeast. If representative blank values determined as indicated in the dis- 
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cussion of interference are high and variable, routine estimations of then- 
magnitude are indicated. 

It is to be noted that the hot water extraction may be preceded by an 
extraction at room temperature with water or dilute alcohol for the deter- 
mination of dextrins and “leA-ulins/’ Starch may be determined in the 
presence of fructosan by the method of Nielson (12). 

SUMAIARY 

1. A procedure is outlined for the colorimetric determination of fructosan 
in plant material. The quantitative reaction is based on the formation of a 
colored compound between resorcinol and fructosan under conditions modi- 
fied from those described by Roe. 

2. The method may be expected to jdeld values reproducible to within 
db5 per cent. 

3. Sources of error peculiar to plant tissues are discussed, and procedures 
for determining their magnitude are given. 
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A SPECIFIC ENZYMATIC METHOD FOR THE 
DETERMINATION OF CREATINE AND 
, CREATININE IN BLOOD* 

bt m. j. carl ALLINSON 

{From the Department of Physiology and Pharmacology ^ University of Arkansas School 
of Medicine^ Little Rock) 

(Received for publication, October 16, 1944) 

Specific enzymatic methods for the determination of creatinine in 
blood serum and plasma (1) and of creatine-creatinine in tissues (2) have 
been reported. The specificity of these methods is dependent on the 
use of adaptive enz3unes present in the NC soil bacteria which have been 
grown on media containing creatine or creatinine as the sole source of 
carbon and nitrogen (3). The adaptive powers of these bacteria are 
indeed striking, since they can also produce adaptive enzymes which 
specifically destroy nicotinic acid when cultured on media which contain 
nicotinic acid as the chief source of carbon and nitrogen. This ability 
to produce nicotinic acid-decomposing enzymes has been utilized in the 
development of a specific method for the determination of “true nicotinic 
acid*’ in blood (4). 

The specific enzymatic estimation of creatinine in blood has revealed 
tha^ almost all of the chromogen in normal blood plasma, serum, and 
spinal fluid that gives the Jaffe reaction is true creatinine (1), and that 
endogenous creatinine is excreted almost entirely by filtration alone under 
normal physiological conditions (5). As a result of the specific estimation 
of creatine in tissues it has been demonstrated that about 90 per cent of 
the apparent creatine in skeletal muscle, testis, and brain is true creatine, 
but that only a small fraction of the apparent creatine in intestinal muscle, 
kidney, and liver is true creatine (6). The need for a specific method for 
the determination of creatine in blood has been evident since the reports 
of the early workers (7—9) that there were only traces of creatine in plasma. 
Recently, Peters (10) who has modified the colorimetric estimation of 
creatine-creatinine in blood plasma and urine has reemphasized the desir- 
ability of a specific enzjunatic method for the anal3"sis of blood creatine. 

M elhod 

The procedures used for the determination of creatinine are similar to 
those already described in previous publications (1, 2). The light trans- 
mission of serum filtrates treated with alkaline picmte under rigidly con- 

* Research paper No. 558, Journal Scries, University of Arkansas, 
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trolled conditions is measured in a photoelectric colorimeter before and 
after exposure of samples to the action of adaptive bacterial enz 3 mies 
which specifically destroy creatinine. 

The estimation of creatine is based on the quantitative conversion of 
creatine in serum filtrates to creatinine under exactly specified conditions 
of pH, time, and temperature, and the subsequent determination of the 
material thus formed, that gives the Jaffe reaction, before and after expo- 
sure of the samples to enzymatic action as in the determination of 
creatinine. 

Apparent Creatinine — 1:5 tungstic acid filtrates of plasma or serum are 
prepared with 5 per cent sodium tungstate and 0.34 n H2SO4. Serum is 
preferred, since it consistently gives slightly higher values than plasma. 
The pH of the protein-free filtrates is adjusted to pH 7.0 with 0.1 n HCl, 
brom-thymol blue being used as external indicator. To duplicate aliquots 
of 8 cc. of the clear filtrate in Evelyn S tubes are added 4 cc. of freshly 
prepared alkaline picrate (prepared at 25°). The colors are allowed to 
develop at 25° for 12 minutes. The light transmission of the solutions is 
determined in the Evelyn photoelectric colorimeter, the galvanometer 
being set at 100 with the blank solution. The creatinine equivalents 
are then determined by reference to calibration lines obtained on pure 
solutions of creatine. The filter which gives the ma:dmum absorption 
for dilute solutions of creatinine is composed of Wratten Filter 75 plus 
Rubicon Filter 9785. The value thus obtained may be designated as Ts, 
as suggested in an earlier publication (2). 

Tmc C7'caiininc — ^To duplicate 8 cc. aliquots of filtrate in If 5 cc. un- 
stoppered Erlenmeyer flasks are added 0.5 cc, of phosphate buffer, pH 
7.0, a suitable volume of freshly assayed bacterial suspension,* and water 
to 10 cc. Reagent blanks containing the bacterial suspension are similarly 
prepared. These are incubated at 37° for 46 minutes, and then centrifuged 
at high speed to remove the bacterial cells; 8 cc. aliquots are then trans- 
ferred to Evelyn S tubes and carried through the procedure described above. 
The value thus obtained is designated as or residual ebromogen. The 
difference Tz — R 2 is true creatinine. 

Total Apparent Creatine and Creatinine — Creatine is determined as 
creatinine after dehydration with hot acid to creatinine. To 8 cc. aliqu^s 
of clear filtrate in glass-stoppered test-tubes is added 1.0 cc. of 2.5 N HC , 
and the tubes autoclaved at 120--125° at 20 pounds pressure for 1 hour. 
These conditions of time, pH, and temperature were found to be adequa 
for quantitatively converting aqueous solutions of creatine to creatmme. 

1 The activity of the bacterial enzymes has been greatly increased by 
the period of incubation of the cultures to 48 hours instead of 72 hours (un i 
half of the creatine or creatinine in the medium is destroyed). 
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It is necessary to be careful in building up and releasing the pressure so as 
not to dislodge the stoppers. After the tubes are removed from the auto- 
clave and cooled, 10 cc, of 2,5 N NaOH (free of carbonate) are added to 
each tube. One set of duplicate aliquots is then carried through the 
colorimetric procedure as outlined above for creatinine, except that 5 cc. 
of alkaline picrate are added to 10 cc. of autoclaved filtrate. The values 
obtained here are designated as Ti, Another set of duplicate 8 cc. aliquots 
receives 0.5 cc. of m phosphate buffer and a suitable volume of bacterial 
suspension and is treated as in the procedure for true creatinine. The 
creatine equivalents in both instances are derived by reference to calibra- 
tions obtained on unheated creatinine solutions to which has been added 
the same amount of acid, base, and buffer used in the analysis for creatine. 


Table I 

Concentration of True Creatine and Creatinine in Normal Human Serum 


All values are given in micrograms per cc. 



Tt 

Apparent 

creatinine 

Rt 

Residual 

chromogen 

1 

True_ 

creatinine 

Tx 

Total 
cbromogen 
after ^ 

autoclaving 

Ri 

Total 

residual 

cbromogen 

Apparent 
creatine as 
creatinine 

True 

creatine as 
creatinine 

Serum 

11.7 

1.7 ! 

10.0 

17.3 

3.8 ; 

5.6 

3.5 


12.8 

2.6 

10.2 

19.0 

4.9 

6.2 ; 

3.9 


11.6 

1.8 

9.7 

15.5 

3.0 

4.0 

2.8 


10.4 

2.3 

8.1 

16.1 

3.7 

5.7 

4.3 


10.3 

2.1 

8.2 

16.2 

3.9 

4.9 

3.1 


7.6 

1.4 

6.2 

14.1 

2.6 

6.5 

5.3 


10.7 

1.3 

9.4 

i 19.0 

3.4 

8.3 

6.2 

Plasma 

11.3 

2.1 

9.2 

15.3 

4.1 

4.0 

2.0 

Cells 

16.0 

9.5 

6.5 

i 51.6 

12.5 

35.6 

32.6 

Plasma 

9.8 

2.2 

7.6 

15.7 

4.5 

5.9 

3.6 

' Cells 

15.3 

10.1 

5.2 

1 48.2 

1 

14.2 

32.9 

28.8 


The value obtained in the analysis after treatment vdth the bacterial 
suspensions is designated as i2i. The difference of Ti — Ri gives the 
concentration of total true creatine and creatinine. True creatine as 
creatinine is then found by taking the difference of Ri) (T2 

Results 

The results of the specific technique on the sera and corpuscles of normal 
individuals are presented in Table I. The plasma and serum of normal 
humans contain from 4.0 to 8.3 7 per cc. of apparent creatine as creatinine. 
Approximately 70 per cent of the apparent creatine is true creatine. 
The erythrocytes in the two cases studied contained considerably greater 
amounts of true or apparent creatine than did plasma. The apparent 
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serum creatine value is considerably higher than the values reported by Wu 
and agrees fairly well with the data of Tierney and Peters (11). 

The same technique for creatine estimation may be applied to urine. 
Certain precautions such as the omission of preservatives must be followed. 

SUMMARY 

A specific enzymatic method for the determination of true creatine and 
creatinine in human serum is described. The specificit}’^ of the technique 
is dependent on the use of enzymes present in washed bacterial cells which 
have been cultured on media containing creatine or creatinine as the source 
of carbon and nitrogen. 

The true serum creatine level is found to be about 70 per cent of the 
apparent creatine content. Er 3 ’'throc 3 ''tes contain much greater amounts 
of true creatine than does plasma. 

The author is indebted to the Valentine Meat Juice Company, 
Richmond, Virginia, for the creatine and creatinine used in this study. 
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THE BIURET REACTION OF PROTEINS IN THE PRESENCE 
‘ OF ETHYLENE GLYCOL 

By JOHN W. MEHL 

(From the Department of Biochemistry and Nutriiionj School of Medicine, and the 
Laboratories of the Allan Hancock Foundation, University of 
Southern California, Los Angeles) 

(Received for publication, June 28, 1944) 

The biuret method offers some advantages as a simple, rapid photo- 
metric method for the determination of proteins. In the methods which 
have been proposed, precipitation of cupric hydroxide gives rise to certain 
difficulties (1,2). It occurred to us that the precipitates might be avoided 
by the addition of a reagent which would form a compound with copper 
which was soluble in alkali, but of such a nature that the copper could 
still react with protein. Ethylene glycol has been examined and found 
suitable, and with the use of this substance it is possible to prepare a 
single, alkaline copper solution which may be added to the protein for the 
development of the biuret color. 

Absorption Spectra — The absorption spectrum of the complex of - cupric 
ion and ethylene glycol is sho^vn in Curve B of Fig. 1. The concentration 
of ethylene glycol was 8.0 ml. per 100 ml., and that of sodium h3'-droxide 
was 2.5 gm. per 100 ml. (hereafter concentrations expressed in these terms 
will be referred to as per cent). The values of are calculated in 
terms^ of the total copper concentration, and were obtained with solutions 
in which the concentration ranged from 0.001 to 0.12 per cent. One 
maximum is observed at 630 m^ (^l^V = 4.76) and another at 297 mp 
('^i^m. = 64.6), w’ith a minimum in the region from 380 to 430 mp. 

The absorption spectrum of the egg albumin-copper complex is shown 
in Curve A of Fig. 1, and was determined b}" subtracting the blank due 
to the copper and ethjdene glycol reagent and that due to the protein in 
the ultraviolet region. The values of nre calculated in terms of 

the protein concentration, and maxima are found at 545 m;x (Bi'fm. = 
2.58) and at 300 mp = ll.s), with a minimum at 430 mp. The 

position of the maximum reported b}'' Sizer (3) is 552 m^. The position 
of the maximum found for mixed serum proteins in the present study is 

^The notation is that commonlj' used, according to which log /o// = EjAa. 
where Iq/I represents the original intensity divided the intensity of the trans- 
mitted light, c is the concentration in gm. per 100 ml., and d is the depth of the solution 
in cm. 
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also essential^' the same as for egg albumin, M'hereas the absorption 
maximum reported b}* Robinson and Hogden (2) is 550 m/i. 

The displacement of the maximum b 3 " protein makes it possible to correct 
the values obtained in the \dsible region for the absorption due to copper 
not combined vdih protein. The absorption in alkaline mixtures con- 
taining copper, ethjdene glycol, and protein at 750 mp ma}- be taken as 
due to the copper-ethylene glycol complex, is 2.0 at this wave- 
length. At 545 mp, the value of for copper-eth 3 dene ghxol is 

S.lfi. The %"alue for the absorption due to the protein-copper compIe.x 
at 545 mp would be obtained b}' subtracting 1,57 times tlie optical denaty 




LcnglH,mji 

Fig. 1, Curve A, the absorption spectrum of the eggalbumin*Cu complex, ^ al^^ 
for the scale of extinction are on the right, and are calculated in terms of the protein 
concentration. The values above 430 mp were obtained with 0.134 and 0.235 per cent 
protein. The upper branch of the curve below 430 mp was obtained with 0.0l«>4 per 
cent and the lower branch with 0.0335 per cent protein. Curve B, the absorption 
spectrum of copper sulfate and ethylene gb’col in alkaline solution. The extinction 
is calculated in terms of the copper concentration, and is referred to the scale on the 
left. 

at 750 mp from the optical density' at 545 mp. Similar corrections ma} 
be made at other wave-lengths. 

\Mien such a correction is made for the absorption due to the copper 
which is not combined with protein, the relationship between optic* 
densit}' and protein concentration is still not strictly linear. In Table , 
the results obtained with egg albumin, and absorption at 530 and 750 mp, 
are given (a wave-length of 545 mp would have been somewhat more suita e 
than 530 mp). The \^iues of are seen to decrease somewiiat as 

the concentration increases. Tliis may actually" be a deviation rom 
Beer’s law', or ma}^ depend, at least in part, upon an inadequate correc 
w'hen the blank amoimts to as much as 50 per cent of the total rea e* 
The cunx for the absorption of the protein-copper complex given in i • 
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Siabiliiy of Protein-Copper Complex — in the studies previously 
reported (2), we have found the color to be stable, but that it requires 
some time to develop fully. When egg albumin is used, about 90 minutes 
must be allowed for development of the colon After this time, the color 
is constant for at least 20 hours. The situation is complicated in the 
case of plasma, since a turbidity develops in about 1 hour. As this turbidity 
also develops in plasma treated wth the same concentration of alkali, 
there does not seem to be any way of entirely eliminating the changes with 
time in the- case of plasma, and a comparison ^vith the results obtained 
on egg albumin is correspondingly inexact. 

Use of Modified Biuret Method in Determination of Protein Concentrations 
— ^The relation between protein concentration and optical density has 



Fig. 2. The effect of copper concentration upon the optical density in solutions 
onttuning different concentrations of plasma protein. The protein concentTaUeus 
ire 0.149 •, 0.099 3, and 0.050 O per cent. The optical density is that due to the 
protein-Cu complex at 545 


already been noted in the case of egg albumin. In those experiments, 
and in the ones to be presented, the final concentration of copper was 
0.043 per cent, the ethylene glycol concentration \Yas 8 volumes per 100, 
and the sodium hydro:dde concentration was 4.3 per cent. Table I also 
gives the results obtained with solutions of egg albumin Avith the 
photoelectric colorimeter. The readings were all made at 2 hours. Ta le 
II gives the values for human plasma and trichloroacetic acid precipitates 
of plasma, for which the readings were made at 30 to 40 minutes. Dunng 
the period between 25 and 45 minutes, the changes in readings are mlative y 
small, and reasonably consistent values can be obtained at definite tun^» 
It will be seen that the optical density is not strictly proportions o 
the protein concentration. Eftm. decreases somewhat with increasing 
protein concentration, although the correction for the decreased coppe 
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Stability of Protein-Copper Complex — ^As in the studies previously 
reported (2), we have found the color to be stable, but that it requires 
some time to develop fully. When egg albumin is used, about 90 minutes 
must be allowed for development of the color. After this time, the color 
is constant for at least 20 hours. The situation is complicated in the 
case of plasma, since a turbidity develops in about 1 hour. As this turbidity 
also develops in plasma treated vnth the same concentration of alkali, 
there does not seem to be any way of entirely eliminating the changes with 
time in the case of plasma, and a comparison with the results obtained 
on egg albumin is correspondingly inexact. 

Use of Modified Biuret Method in Determination of Protein Conceniraiiom 
— The relation between protein concentration and optical density has 



Fig. 2, The effect of copper concentration upon the optical density in solutions 
ontaining different concentrations of plasma protein. The protein concentrations 
ire 0.149 #, 0.099 and 0.050 O per cent. The optical density is that due to the 
protein-Cu complex at 545 mjtt. 

already been noted in the case of egg albumin. In those experiments, 
^ and in the ones to be presented, the final concentration of copper vras 
0.043 per cent, the ethylene glycol concentration was 8 volumes per 100, 
and the sodium hydroxide concentration was 4.3 per cent- Table I also 
gives the results obtained with solutions of egg albumin with the lOett 
photoelectric colorimeter. The readings were all made at 2 hours. Table 
II gives the values for human plasma and trichloroacetic acid precipitates 
of plasma, for which the readings were made at 30 to 40 minutes. During 
the period between 25 and 45 minutes, the changes in readings are ^latively 
small, and reasonably consistent values can be obtained at definite times. 

It ^vill be seen that the optical density is not strictly proportional to 
the protein concentration. decreases somewhat with increasing 

protein concentration, although the correction for the decreased copper 
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available for combination with ethylene glycol has been made. Tins 
would again indicate some deviation from Beer's law. It will also be 
noted that the values for plasma protein are about 15 per cent lower than 
those for egg albumin at equal concentrations, although this may be in part 
due to incomplete development of color in the case of plasma. The 
albumin and globulin fractions of plasma have not been compared in 
this investigation, but it does not seem likely that they will differ more 
in this method than in previous methods (2). At any rate, no ob\dous 
difficulties are encountered when this procedure is applied to the filtrate 
from the globulin precipitation by the Howe method, and sodium sulfate 


Table II 


Relation beltoecn Plasma Protein Concentration and Extinction Coeffi^cient or 
Colorimeter Readings 


Protein 

.atSJOmM 

Protcin-Cu complex | 

Inweasc in colonraeler ttadinff for 

1 per cent protein 

Plasma 

Pptd. plasma 

: Plasma i 

[ ■ 

1 Pptd. plasma 

mg. per JOO ml. | 



i ; 

■■■ 

0.050 


2.15 



0.050 

2.2a 


1220 


0.099 

j 

2.11 



0.100 

2.22 


i 1210 

1180 

0.149 


2,07 


1230 

0.150 

2.24 


1240 

1170 

0.197 


2.08 


1200 

0.201 

2.21 


1190 


0.251 



1180 

IHiiHi 


does not alter the color intensity. Even ammonium ion has relatively 
little effect, and may be neglected when the ammonia nitrogen does not 
exceed the protein nitrogen. 

Inspection of the absorption curves in Fig. 1 shows that the sensitivity 
of the method might be increased by using the near ultraviolet. For this 
purpose, we have chosen to use a wave-length somewhat longer than that 
of the region of maximum absorption, since the correction due to residual 
copper will be reduced more than the absorption due to the protein- 
copper complex. Corrections due to other absorbing materials^ which 
might be present in solutions other than those of purified proteins will 
also generally be smaller. The msults of some measurements made on 
egg albumin at 320 m/i are given in Table III. The copper concentration 
was decreased to 0.0047 per cent and the ethylene glycol to 4 volumes per 
100 for these measurements. The sensitivity of the method is increased 
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Stability of Protein-Copper Complex — ^As in the studies previously 
reported (2), \ve have found the color to be stable, but that it requires 
some time to develop fully. When egg albumin is used, about 90 minutes 
must be allowed for development of the color. After this time, the color 
is constant for at least 20 hours. The situation is complicated in the 
case of plasma, since a turbidity develops in about 1 hour. As this turbidity 
also develops in plasma treated with the same concentration of alkali, 
there does not seem to be any way of entirely eliminating the changes with 
time in the case of plasma, and a comparison with the results obtained 
on egg albumin is correspondingly inexact. 

Use of Modified Biuret Method in Determination of Protein Concentrations 
— The relation between protein concentration and optical density has 



Fig. 2. The effect of copper concentration upon the optical density in solutions 
ontaining different concentrations of plasma protein. The protein concentrations 
ire 0.149 0.099 O, and 0.050 O per cent. The optical density is that due to the 

protein-Cu complex at 545 m/i. 

already been noted in the case of egg albumin. In those experiments, 
. and in the ones to be presented, the final concentration of copper was 
0.043 per cent, the eth3dene glycol concentration w’as 8 volumes per 100, 
and the sodium hydroxide concentration was 4.3 per cent. Table I niso 
gives the results obtained with solutions of egg albumin with the Hett 
photoelectric colorimeter. The readings were all made at 2 hours. Table 
II gives the values for human plasma and trichloroacetic acid precipitates 
of plasma, for which the readings were made at 30 to 40 minutes. During 
the period between 25 and 45 minutes, the changes in readings are relative y 
small, and reasonably consistent values can be obtained at definite tim^. 

It will be seen that the optical density is not strictly proportiona o 
the protein concentration. decreases somew^hat with increasing 

protein concentration, although the correction for the decreased copper 
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Stabiliiy of Protein-Copper Complex — As in the studies previously 
reported (2), we have found the color to be stable, but that it requires 
some time to develop fully. When egg albumin is used, about 90 minutes 
must be allowed for development of the color. After this time, the color 
is constant for at least 20 hours. The situation is complicated in the 
case of plasma, since a turbidity develops in about 1 hour. As this turbidity 
also develops in plasma treated vnth the same concientration of alkali, 
there does not seem to be any way of entirely eliminating the changes with 
time in the case of plasma, and a comparison with the results obtained 
on egg albumin is correspondingly inexact. 

Use of Modified Biuret Method in Determination of Protein Concentraiiom 
— The relation between protein concentration and optical density has 


■j 



Fia. 2. The effect of copper concentration upon the opticiil density in solutions 
ontaining different concentrations of plasma protein. The protein concentrations 
ire 0,149 0, 0.099 and 0.050 O per cent. The optical density is that due to the 
protein-Cu complex at 545 


already been noted in the case of egg albumin. In those experiments, 
and in the ones to be presented, the final concentration of copper was 
0.043 per cent, the ethylene glycol concentration was S volumes per 100, 
and the sodium hydroxide concentration was 4.3 per (>ent. Table I also 
gives the results obtained with solutions of egg albunain with the Ivlett 
photoelectric colorimeter. The readings were all made at 2 hours. ^ Table 
II gives the values for human plasma and trichloroacetic acid precipitates 
of plasma, for which the readings were made at 30 to 4Q nunutes. During 
the period between 25 and 45 minutes, the changes in readings are relatively 
small, and reasonably consistent values can be obtained at definite times. 

It will be seen that the optical density is not strictly proportional o 
the protein concentration. decreases somewhat vdth incre^g 

protein concentration, although the correction for th^ decreased copper 
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available for combination with ethylene glycol has been made. This 
would again indicate some deviation from Beer^s law. It will also be 
noted that the values for plasma protein are about 15 per cent lower than 
those for egg albumin at equal concentrations, although this may be in part 
due to incomplete development of color in the case of plasma. The 
albumin and globulin fractions of plasma have not been compared in 
this investigation, but it does not seem likely that they will differ more 
in this method than in previous methods (2). At any rate, no obvious 
difficulties are encountered when this procedure is applied to the filtrate 
from the globulin precipitation by the Howe method, and sodium sulfate 

Table II 


Relation between Plasma Protein Concentration and Extinction Coej^cient or 
Colorimeter Readings 


Protein 

»at530m/i 

Protcin-Cu complex 

! . . 

Increase in colorimeter reading for 

1 per cent protein 

Plasma 

1 Pptd, plasma 

Plasma 

Pptd. plasma 

per JOO ml. j 





0.050 1 


2.15 


1280 

0.050 

2 . 2a 


1220 

1240 

0,099 


2.11 


1240 

0.100 

2.22 


1210 

1180 

0.149 


2.07 


1230 

0.150 

2.24 1 


im 

1170 

0.197 


2.08 


1200 

0.201 

2.21 


1190 

1140 

0.251 



1180 

1110 


does not alter the color intensity. Even ammonium ion has relatively 
little effect, and may be neglected when the ammonia nitrogen does not 
exceed the protein nitrogen. 

Inspection of the absorption curves in Fig. 1 shows that the sensitivity 
of the method might be increased by using the near ultraviolet. For this 
purpose, we have chosen to use a wave-length somewhat longer than that 
of the region of maximum absorption, since the correction due to residual 
copper will be reduced more than the absorption due to the protein- 
copper complex. Corrections due to other absorbing materials^ which 
might be present in solutions other than those of purified proteins will 
also generally be smaller. The msiilte of some measurements made on 
6gg albumin at 320 mix are given in Table III. The copper concentration 
was decreased to 0.0047 per cent and the ethylene glycol to 4 volumes per 
100 for these measurements. The sensitivity of the method is increased 
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betweea 3 and 4 times over that in the visible region. The same in- 
crease in sensitivity may be achieved in the case of plasma, although this 
advantage will be somewhat offset by the greater influence of turbidity 
at these wave-lengths. 


EXPERIMENTAL 

Measurements of Optical Density — ^The instrument used was a Beckman 
quartz photoelectric spectrophotometer. The instrument had been recently 
rechecked by the manufacturer, and readings have been made on potassium 
chromate at regular intervals. The wave-length settings have always 
checked to within 1 m;i, and the density readings to within 1 per cent. 
The tungsten lamp was used as a light source throughout, and the band 
width varied from about 2 m/x in the visible to about 4 mp at the shortest 
wave-lengths. 


Table III 

Relation between Egg Albumin Concentration and Optical Density in ) 

Near UUramolet 


Protein 

Optical density, 1 cm., 320 m/i 

Proteiri'Cu 

ToUl 

Protein In alkali 

Protcia-Cu 

tns, per iOO ml. 

■■■1 




0 


1 



6.7 



0.066 

10.1 

, 13.4 

0.225 1 


0.123 

9.2 

/ 20.1 

0.286 1 

0.016 


8.9 

26.8 

0.348 1 

0.022 


' 8.8 

33.5 

0.413 

0.027 


8.8 


The photoelectric colorimeter w^as a Klett-Summerson, and was used 
with the manufacturer's Filter 54, having a transmission centered at 540 
Protein Solutions — The egg albumin Avas prepared from frozen egg white, 
by precipitation with ammonium sulfate. The initial precipitate of egg 
albumin was not crystalline, but the material w’as obtained crystallme 
in the subsequent three precipitations. The ammonium sulfate w^ 
removed by dialysis against running water for 48 hours and agams 
volumes of distilled water for 24 hours. The residual ammonia nitrogen 
was 0.25 per cent. The concentration of protein was determined by rymg 
to constant weight at 105°. . 

The human plasma was a commercial product, supplied through 
courtesy of the Hyland Laboratories. The protein concentration w 
obtained from the dry weight of the heat-coagulated materM ^ 
washings with 50 per cent alcohol, one mth 95 per cent alcohol, an 
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with ether. These values were checked by obtaining the nitrogen precipi- 
tated by 7.5 per cent trichloroacetic acid and multiphdng by 6.25. 

Coinbined Copper Reagent — In some of the earlier experiments, it was 
noted that solutions containing -sodium hydroxide, copper sulfate, and 
ethylene glycol developed a marked turbidity and eventually deposited 
a red precipitate. This process was accelerated by light or heat, and was 
also observed in samples containing plasma. It seems likely that reducing 
impurities were present in the ethylene glycol, and that the high concen- 
trations of glucose in the commercial plasma were responsible for additional 
reduction of the copper. The effect of reduction in the blanks can be 
eliminated by mixing the combined reagent and heating it to complete 
the reaction. A satisfactory reagent for work in the visible region may 
be prepared by mixing 100 ml. of ethylene glycol, 40 mi. of 60 per cent 
NaOH, and 50 ml. of 4 per cent CuS 04 *51120. This solution is diluted 
to about 400 ml. and heated until precipitation is complete. After the 
cuprous hydroxide is filtered off, sufficient sodium hydroxide is added to 
make the final concentration 10 to 11 per cent. This reagent appears to 
be stable for at least several months. We have used 10 ml. in a total 
volume of 25 ml. for protein determinations. 

It is obvious that reagents of a different composition may prove more 
useful in special cases. For the work in the ultraviolet region, a dilute 
copper reagent was made in a similar way, except that the final ethylene 
glycol concentration was decreased to 1 volume in 10, and only enough 
copper was added to give a very faint blue color after the mixture had 
been heated. The final concentration of sodiiun hydroxide was also lowered 
to 6.3 per cent. This reagent contained about 0.012 per cent copper, and 
was used in the amount of 10 ml. in a final volume of 25 ml. 

In both of the reagents suggested, there is obviously a considerable 
excess of ethylene glycol, and additional copper can be added without 
precipitation. The concentration of alkali may also be varied over a 
rather wide range, and we have observed no differences in the absorption 
of the copper-protein complex with sodium hydroxide concentrations 
between 2 and 6 per cent in the final solutions. How’ever, the higher 
concentrations of alkali increase the rate of development of turbidity in 
the plasma protein solutions. We feel that a final concentration of alkah 
between 2 and 4 per cent is most satisfactory. It is probably the safest 
procedure to place solutions containing plasma in the dark while the biuret 
color is allowed to develop. The reducing effect of glucose in plasma may 
thus be avoided. 


discussion 

The introduction of an additional component into the biuret reaction 
is obviously objectionable on the grounds that interactions of an unkno 
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nature may be expected, and the interpretation of the results may be 
further complicated. The finding that the value of is somewhat 

dependent upon concentration, even at protein concentrations at ^YhicIl 
the copper is still in excess, is not in agreement with the observation of 
Robinson and Hogden (2) on filtered solutions wliich do not contain 
ethylene glycol. The influence of an inadequate correction for the absorp- 
tion of copper not combined with protein may have to be considered as 
a factor in the present study. The difference between positions reported 
for the absorption maximum can be more readily interpreted in terms 
of the uncombined copper present in the solutions obtained with the usual 
procedure. Since the absorption of tins copper is farther toward the red 
end of the spectrum, but overlaps the absorption of the protein-copper 
complex, the combined absorption curve will be broadened and shifted 
toward the longer wave-lengtlis. 

In our own experience, we have found the use of ethylene glycol Justified, 
and wc believe that the possibility of avoiding precipitation of cupric hy- 
droxide or elimination of the filtration outweighs the disadvantages. It may 
also be possible to apply this method to a more detailed study of the re- 
action between cupric ion and proteins and related compounds. The 
dissociation constant of the complex and the relation between the absorption 
in the near ultraviolet and visible regions would be of some interest. 

The purchase of the spectrophotometer was made possible by a grant 
from the Rockefeller Foundation. 

SUJIMARY 

1. The biuret reaction is modified by the 'introduction of ethylene 
glycol, which prevents the precipitation of cupric hydro.^de. A 
reagent may be employed, which gives optically clear solutions when mixed 
with protein. 

2. Deviations from Beer’s law, which may be as large as 10 per cent for 
a 4-fold change in protein concentration, have been observed under these 
conditions. Such deviations can readily be corrected for, and do not 
seriously impair the usefulness of the method. 

3. The sensitivity of the biuret method may be further increased y 
making use of the greater absorption of the protein-copper complex in 
the region around 320 mju. 
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THE IVIETABOLISM OF THE METHYLATED PURINES 

I. THE ENZY^UTIC DETERMINATION OF URINARY URIC ACID* 
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(Received for publication, October 25, 1944) 

Myers and co workers (1) have suggested that caffeine, theophylline, and 
theobromine may be oxidized in the 8 position by the animal body to give 
rise to methylated uric acids. Certain of these methylated derivatives 
react, as does uric acid with phosphotungstic acid, in an alkaline medium to 
form blue-colored reduction products. Since some of the methyluric acids 
are precipitated along with uric acid by both ammoniacal silver and acid 
silver lactate, the presence of such methylated derivatives in mine would 
give rise to high values for uric acid by both the direct and silver precipi- 
tation procedures. Consequently it is impossible by these methods of 
analysis to decide whether the increased reduction of the phosphotungstic 
acid reagent by a urine collected after the ingestion of caffeine or theophyl- 
line is due to extra uric acid formed by the demethylation and oxidation of 
these compounds or to the presence of methyluric acids. 

The present paper describes an enzymatic procedure which \vill dis- 
tinguish between uric acid and its methylated derivatives. The proposed 
method is similar in principle to that of Blauch and Koch (2) and of Bulger 
and Johns (3) for blood uric acid in that the enzyme uricase is used for the 
destruction of uric acid. Keilin and Hartree (4) have reported that 
uricase is a highly specific enz3me and does not oxidize any of the mono-, 
di-, or trimethyluric acids. 

A suitable aliquot of the urine is allowed to react with arsenophospho- 
tungstic acid in an alkaline medium. The blue color which is obtained is 
measured in the Evelyn photoelectric colorimeter and is referred to as the 
total color, since the reduction is due in part to the presence of compounds 
other than uric acid. A second aliquot of urine is buffered at the optimum 
pH for uricase activity and incubated with the enzyme for 2 hours at the 
optimum temperature. All of the uric acid is destroyed, but the non-uric 
acid reducing substances including the methyluric acids are not oxidized by 
the uricase. The solution is then treated with sodium tungstate and 

* A preliminary report was presented before the Z^Iiciugan Academy of Science 
on March 26, 1943. 

t The Rackham Arthritis Research Unit is supported by the Horace H, Rackham 
School of Graduate Studies of the University of Michigan. 
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sulfuric acid to remove protein and the residual color is determined in the 
filtrate as in the direct procedure. The difference between the total color 
and the residual color is taken as a measure of the uric acid destroyed; Le,, 
true uric acid. 

Reagents — 

Urea-cyanide (5). 

Arsenophosphotungstic acid (6). 

10 per cent sodium tungstate, 

0,66 N sulfuric acid. 

Borate buffer {pH 9,^). 

Approximately 0,1 N NaOH, 

0,04 per cent thymol blue indicator. 

Standard uric acid, A uric acid standard is prepared as described by 
Folin (7), except that the indicator is omitted. Suiti^ble dilutions of this 
standard are used to obtain the data for the calibration curve described 
below. Since the formaldehyde and sulfuric acid present in the regular 
Folin standard are not favorable for uricase activity, a solution of uric 
acid in lithium carbonate is used for all procedures which involve the stand- 
ardization or testing of uricase activity. This special lithium carbonate 
standard contains 1.000 gm. of uric acid and 0.6 gm, of lithium carbonate 
per liter of distilled water and is prepared according to Folin^s directions 
(7) with the omission of the formaldehyde, indicator, and sulfuric acid. 
This special standard and the dilute Folin standard are very unstable and 
should be prepared fresh every day. 

Uricase powder, 5 pounds of fresh beef kidneys from which all super- 
ficial fat has been removed are ground in a* meat chopper. The resulting 
is placed in a large, wide mouthed bottle and washed wth tap water 
t ■ remove the blood and urine, as suggested by Truszkowski and Gube^ 
mano^vna (8). Small portions of the resulting material are homogenized 
with an approximately equal weight of benzene in a Waring blender, ana 
the combined portions returned to a similar type of bottle. After the 
addition of 2 volumes of cold acetone, the protein mii<terial settles to t e 
bottom of the container, and is filtered through cheese-cloth or a laboratory 
towel and squeezed dry. The solid material containing the crude uricase 
is again suspended in about 3 times its weight of acetone, is allowe 0 
settle, and is then filtered. This step is repeated until the resulting pow er 
is thoroughly dehydrated and defatted. The material is then spread on 
towels and allowed to dry in air overnight. The resulting powdei is 
screened through a 40 mesh sieve and stored in a vacuum desiccator. 

250 mg. of the uricase powder should give no blank color when 
through the incubation procedure and subsequent color reaction descri 
below. The activity of the preparation should be tested by its power 



BUCHANAN, BLOCK, AND CHRISTMAN 


183 


oxidize the special lithium carbonate uric acid standard. 3 to 4 mg. of 
this uric acid should be completely destroyed after incubation with 250 mg. 
of the enzyme powder. 

Calihraiion Cwrve— Aliquots of the dilute Folin standard ranging from 
10 to 120 y are transferred to 50 cc. volumetric flasks, and the volumes 
adjusted to 25 cc. with distilled water. Adter the addition of 2.5 cc. of 
urea-cyanide and 1 cc. of arsenophospho tungstic acid, the flasks are made to 
volume immediately and thoroughly mixed. The color is allowed to 
develop for exactly 30 minutes, and is then read in the Evelyn colorimeter 
wdth Filter 690. 

The center setting of the instrument is determined in the usual maimer 
with a blank tube containing the reagents alone. The combination of the 
arsenophosphotungstic acid of Benedict (6) and the urea-cyanide of 
Christman and Ravwitch (5) was chosen because a negligible blank color is 
obtained which does not increase during the time required to read a series 
of unknown solutions. Combinations of the reagents employed in the other 
commonly used uric acid methods give a gradually increasing color due to 
the reagents themselves and therefore are not desirable for use on the 
Evelyn colorimeter. 

Under the conditions described, the color foUows the law of Beer and 
Lambert over a range from 40 to 120 y and a K factor may be determin 
and used for the conversion of optical density to concentration of uric aci . 
Below 40 y such a relationship does not hold and the concentration of 
unknowns must be read directly from the calibration cur\^e. 

Determinalion of Total Color— The 24 hour urine sample is diluted to 
2 liters with water. A 5 cc. aliquot is transferred to a 250 cc. yo umetnc 
flask and diluted to volume with distilled water. 5 to 10 cc. of this so 
are placed in a 50 cc. volumetric flask, the volume is adjusted to 25 cc. avi 
distilled water, and the color developed and read as described un er t e 

calibration curve. . . . . 

Determination of Residual Color — 2 to 5 cc. of the original ^ ° urme 

are transferred to a 50 cc. Erlenmeyer flask, to which are added 10 ot 
water and a few drops of thjunol blue. The amount of alkah reqmr ^ 
produce a definite blue tint is determined. A similar aflquot of urine 
without the indicator is then transferred to a 50 cc. volumetric ^ ^ 

predetermined amount of alkali added. 250 mg. of uricase povv er o cc. 

of borate buffer are added and 10 cc. of water used to wash down sides 

of the flask. The mixture is incubated in a water bath at 45 or ours. 

After the addition of 1 cc. of 10 per cent sodium tungstate and l.o cc. ol 
I N sulfuric acid, the flask is made to volume \vith distilled ® 

contents are thoroughly mixed and filtered. 10 cc. of t e 
transferred to a 50 cc. volumetric flask, the volume is adjusted to -o cc. 
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with water, and the color is developed and read as described under the 
calibration curve. 

When samples of urine smaller than the total 24 hour output are to be 
determined, aliquots proportional to those described above are used for 
both the direct and incubation procedures. 

Results 

A number of substances known to occur in human urine such as adenine, 
guanine, xanthine, the methylxanthines, aliantoin, various phenols, and 
amino acids were studied to determine whether they would interfere with 
the uric acid estimation. None of these materials gives a color with the 

I 


Non-Uric Acid Materials Which React with xir^cnophospholungstic Acid to Give Blue- 
Colored Reduction Products 


Compound 

Chromogenic v^uc m 
compare to uric acid 

1-Methyluric acid. . . - . r t 

per cent 

105.1 

l,3-*l)iinethyluric acid 

50.9 

Ascorbic acid ! 

44.0 

Itesorcinol 

32.3 

3-Methyl uric acid 

31.9 

Hrgothioneine. 

23.8 

1^7-DiniethyIuric acid 

2.2 

Oystine 

0.54 

Glutathione 

i 0.51 

3,7-Dimethyl uric acid 

0.35 

1,3,7-Trimethyluric acid 

Trace 

7-Methyluric acid. 

it 





reagents nor does their presence prevent the complete oxidation of unc 
acid by uricase. The color produced by the reducing action of uric acid 
is neither enhanced nor diminished by the presence of these materials m 
urine in any reasonable amounts. 

. A group of compounds which do give a color with the reagents is listed 
in order of their decreasing chromogenic value in Table I. However, Ae 
color due to these substances does not interfere -with the determination 
of uric acid, since it appears in both the direct and residual readings. 
Blauch and Ivooh (2) gave values showing that ascorbic acid, resoremo , 
glutathione, and cystine are not broken doAvn by the enzyme preparation 
and that the color due to their presence is the same before and aft^ meu- 
bation. Keilin and Hartree (4) showed that uricase is speciEc 
acid and does not act upon the methylated uric acids. The present s u y 





BUCHANAN, BLOCK, AND CHBISTIIAN 


185 


indicatos that the color produced by ergothioneine and the methylimc 
acids is not diminished by the incubation with unease. Although Keilm 
and Hartree reported that the methyluric acids act as competitive m- 
hibitors %\-ith uric acid for the enzyme, under the conditions specified 
complete o.ridation of uric acid occurs in the presence of methylunc acids 
in amounts equivalent to as much as 10 gm. per 24 hour urme 

98 to 101 per cent of uric acid added to urine was recovered, as de- 
termined by the direct procedure. A similar order of recovery w^ found 
upon the addition of various amounts of uric acid to the filtrate of the urme 
after incubation with uricase. A comparison of the uricase procedure with 

Table II 

ComjiarUon of Uncase ilethod with Silver Precipitaiion Methods of FoUn and of 

Benedict nnd Hiichcoch 


Urine simple 
No. 


1 

2 

3 

4 

5 

6 



Uricase method 


Color before 
uricase action 

Residual color 
after uricase 
action 

True uric add 

mg. 

mg. 

mg. 

542.8 

85.8 

557.0 

369.5 

77.3 

292.2 

618-5 

62.2 

556.3 

672.4 

85.9 

5S6.5 

S22.3* 

85-5 

736.8 

972.5t 

86.3 

886.2 


Silver isolatioa 


Ammooiicil 

silver. 


mg. 

563.0 
298.6 

548.1 
591.0 


Add silver 
Lictate 


mg. 

561.4 

296.4 


• The equivalent of 150 mg. per 21 hours o£ extra uric ^ ^ 

t The equivalent of 300 mg. per 24 hours of extra une acid was added 

two standard silver precipitation methods, the 

tation of Benedict and Hitchcock (9) as modified ^ 

witch (5) and the acid sflver lactate precipitation ^ ^ 

Table n. In order to show that extra uric acid added Jo ^ ^ 

pletely destroyed, the equivalent of 150 and 30 j 

adL t. S»>ple 4 to give S^pla » fS 

agreement of the residual colors of Samples 4, o, 

enzyme completely oxidized the added uric acicL ^ verv” well 

L sho™ m Tabte U the proposed en«opod« Method 
with the two silver precipitation procedures ^ o ers n - ^ c^eine 

them when used on urines collected from, subjects on a nossess the 

or theophylline (free of coffee or tea), its ability to 

distinct advantage over previously reported me 
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distinguish between uric acid and the methylated uric acids, and thus 
offers itself as a new tool for the investigation of the metabohsm of the 
methylated xanthines. As will be reported in a subsequent paper, the 
ingestion of caffeine or theophylline gives rise to chromogenic materials 
in the urine which are not destroyed by uricase, but which are precipitated, 
at least partially, by both ammoniacal silver and acid silver lactate. Con- 
sequently such urines will give high values for uric acid by both the direct 
colorimetric procedures and the indirect colorimetric procedures involving 
a preliminary precipitation wdth silver salts. 

After the work discussed here and in Paper II following was completed, 
Schaffer (11) published a procedure similar to the one just described. 
However, the color reagents, the preparation of the enzyme powder, and the 
conditions of incubation differ considerably from the present method. 
Schaffer reports that according to his procedure an average of 3.5 per cent 
of the color value determined by Folin^s direct method is due to non-uric 
acid materials. The present study indicates that subjects on a diet low in 
the methylated xanthines excrete a rather constant amount of non-uric 
acid, chromogenic material. This material varies from 60 to 90 mg. per 
24 hours when expressed in terms of uric acid, and amounts to 10 to 20 
per cent of the total color, depending upon the concentration of tlie latter. 
Apparently the possibility of larger amounts of non-fermentable chromo- 
genic substances in the urine of tea and coffee drinkers which give rise 
to much larger residual color values was not considered by the above author. 
A study of the non-uric acid reducing materials excreted after the in- 
•‘on of theophylline and caffeine is reported in Paper II (12). 

A procedure has been developed for the determination of urinary uric 
acid in the presence of methylated uric acids, which is based on the spec- 
ificity of the enzyme uricase for uric acid. 

The method described gives values which agree closely with those 
obtained by silver precipitation procedures on urines from subjects on diets 
low in methylated xanthines. In such urines, only 80 to 90 per cent of the 
color developed by the direct procedures is due to uric acid. 

The advantage of such a procedure in the study of the metabolism of the 
methylated xanthines is pointed out. 

The authors wish to express their appreciation to Dr. Victor C. Myers of 
the Medical School, Western Reserve University, for samples of the 
raethyluric acids. 
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tup: MI-TTABOLISM of the METHA'L.\TED PUEEsES 

IL URIC ACID EXCRimON* r OLI.O’.VIXG THE IXGESTIOX OF CAFFEIXE, 
THEOPHYLLIXE, .AXD THEOBROMIXE 

Br OLn'ER H. BUCHaXAX, A. A. CHRJSTiLAX, a.'.d WALTER D. BLOCK 

Lfc Dcp^f-.c~.i cf 8'.r/.^;.czl C'e—.uiry cr,i the BccLAc-i Arif.rztu BvJtcreA 
V’i:',,' M<Lc-R Sc.‘.lR, Ur.iurzil-j oj ilicAzyan, Ann Arbort 

<^Rs.ce*v-,'i for p^rjLc^t.oa, October 25, 15A5) 

Tne v.Id e-'par^(i u-c of con€x% ua, and cocoa as beverages and tiieir 
marked itimulaton' and diuretic action ha', e !ed to numerous investigations 
concemLng the fate of cdlelne (1 »3,7-irirneth3'Lvan thine;, theophylline 
fl ,3dimcthyL\antfiine;, and theobromme (3,7-diinethyb:anthine; in the 
animal body. .VI though i: l-j generally accepted that these compounds are 
reafiiJy lAj-orhed after oral or parenteral administration, only small amounts 
of the drugi are excreted unchanged 0-3;. The isolation of the mono- 
methylxaathines from the urine of both humans and eiiperimental animals 
^2, 4d}) after the adminLt ration of the abo'.e compounds dennitel:.' showed 
that the di- and t rime thy ba.nthine=> are at least partially demetbylated. 
I'^ger and his assocLte (7; suggested that in man the meth}'! group in 
position 3 is the most bbile, '.Thile that in position 7 is the most stable, and 
that the mono and dimethv bnnthines normally' found in human urine can 
be accounted for by the removal of the methyl group occup^dng position 
3 from the methylated xanthines of the food. 

^Mth the partial demelh\dation of the di- and trimeth^.'lxanthines thus 
demonstrated, the question arose as to the rx>ssibiliry of a conversion of a 
portion of the^e compounds to unc acid by means of complete demethjda- 
tion and an oxidation in the S position. ^luch of the earlier work con- 
cerning such a conversion of the methylated xanthines to uric acid is 
‘Contradictory and open to criticism because of the use of dogs and rabbits 
as experimental animals. Both of these species excrete aHantoin, and not 
unc acid, as the chief end-product of purine metabolism. However, most 
01 the earl 3 ’’ work on human subjects, in which the analyses were made By 
the inaccurate gravimetric and ti trimetric methods for uric acid then 
available, indicated that there was no increase in the tmnaiy excreuon of 
uric add after the ingesuon of caneine, theophylline, or theobromine 
(S-10). 

The development of colorimetric pnxredures for the determination of 
uric add by Folia and his associates (11) and Benedict and Hitchcock (12) 

• TLe Krxkhcjn Arthritis Eerearch Unit is supported by the Horace H. Roikiuun 
School of Graduate Studies of the Uuiverdty of iiichiren. 
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resulted in the reinvestigation of the problem and the formulation of the 
opposite point of view; ix,, that the methylated xanthines do give rise to an 
increased excretion of uric acid in man. In 1916, Benedict (13), using 
the new ammoniacal silver precipitation procedure of Benedict and Hitch- 
cock (12), reported an experiment in which the ingestion of 1 gm, of caffeine 
per day for 4 days led to an increased output of uric acid amounting to 
100 to 160 mg, per day above control values. A short time later, Mendel 
and Warded (14), using the same colorimetric method, reported that the 
ingestion of coffee, tea, or caffeine by their subjects was followed by an 
increased uric acid excretion. This increased excretion appeared to be 
proportional to the quantity of caffeine ingested and was equivalent to the 
amount of uric acid which would be obtained by the demethylation and 
subsequent oxidation of from 10 to 15 per cent of the ingested caffeine, 
Clark and de Lorimier (15) in 1926 studied both the blood levels of uric acid 
and the urinary excretion of uric acid after the ingestion of caffeine and 
theobromine. Both compounds caused an increase in blood uric acid 
levels as measured by Benedict's direct method (16). Caffeine admin- 
istration was followed by a rise in uric acid excretion, as determined by 
the direct method of Benedict and Franke (17) , while theobromine appeared 
to diminish the rate of excretion of uric acid. They concluded that the 
methylxanthines are not oxidized directly and that the increased uric acid 
excretion after caffeine ingestion is probably due to a stimulation of general 
metabolism. 

Myers and Warded (18) found that the ingestion of caffeine and theophyl- 
line by human subjects resulted in an increased uric acid excretion, as 
determined by both the direct colorimetric method of Benedict and Franke 
(17) and the silver isolation procedure of Benedict and Hitchcock (12). 
They confirmed the report of Clark and de Lorimier that theobromine 
causes no such increase. IMyers and Warded made the suggestion that 
a portion of the methylated xanthines might be oxidized in tlie 8 position 
before being completely demethylated, thus giving rise to methyluric acids. 
It was pointed out that the oxidation of theophylline (1,3-diinethyl- 
xanthine) in position 8 would give rise to 1,3-dimethyluric acid, while both 
oxidation and removal of the more labile methyl group in the 3 position 
would result in the formation of 1-methyluric acid. Both of these 
methylated derivatives of uric acid give the color reaction with the unc 
acid reagents. On the other hand, by a similar mechanism, theobromine 
(3,7-dimethylxanthine) would give rise to 3,7-dimethyluric acid or to 
7-methyluric acid. Neither of these latter compounds causes any 
preciable reduction of phosphotimgstic acid. The formation of methjda 
uric acids by such an oxidation and demethylation mechanism was o ere 
as a posable explanation for the differences observed in ‘‘uric acid" excre ion 
following the administration of theophylline and theobromine. 
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M\oni and Hanz^d (10 j LUor studied tlie ratubolLsm of tiie ineth>lated 
viiithinLo j-b Well Acs the meth% Lted uric j.ckL> in the Dalmatian dog. The 
oral ^dmmLjtration of cither cafTcine or thcH^ph\ lime n^ulted m an m- 
created excretion of unc acid a:> detemamexi by colorimetric methods- 
Thc^3bromlne ingest lun had htlle cfTc-ct on the unc acid excretion. .Viter 
the administration or thcopln lime, materials having tlie reduemg prop- 
erties of uric acid ’a ere isolated b> pmcipilation uith sil\er salts. After 
the rcmo\al of the siUer .md rvciy stallization, crystals resemblmg those of 
1 ,3-dimcth} luric ac*d \\ere obtained ^lmlIar studies made after the 
ingestion of ihc-obromme suggested the formation of 3,7-dimethyluric acid. 

These authors found lliat the methylunc acids which ha\e a methyl 
group in position 7 gi\e only traces of color with the phosphotungstic 
acid reagents. Xo increase m unc acid was obser\ ed after the mgestion of 
this group of compounds by the Dalmatian dog Those methylated uric 
acids which do not ha\ e a me tin 1 group attached m the 7 position all reduce 
phospho lungs tic acid. The oral administration of this group of meth- 
ylated uric acids to the Dalmatian hound caused an mcrease in uric acid 
e.xcretion. Howe\cr, the extra color obsened could be ascnbed to the 
elimination of the unchanged methylunc acids. In other words, the extra 
color was proportional to that which would be anticipated if themeth- 
>luric acids were excreted unchanged. From these results the workers 
concluded that the metlnlated den\atnes of unc acid are “apporendj^ 
quite stable in the animal organism.” 

Thus, the work of ^I\crs ct aL suggests that the mcrease m unc acid 
excretion observed after the admmistration of cafteme and theophylline 
13 probably not due to unc acid iiseli but rather to its methylated deriv- 
atives. Certain of the meth\Iuric acids do resemble unc acid in many of 
their properties and w ould be mcluded as unc acid b3' both the direct and 
sil\er precipitation procedures. Consequenth’ it is impossible hy either of 
these methods of aiial3'si5 to decide whether the extra unc acid is actuall3" 
unc acid or w hether it is due to the formation and excretion of the methy 
lated uric acids. In order to m\ Cstigate this problem further, an en23’- 
inntic procedure (20) has been developed for the specific determination of 
uric acid in the presence of its meth3 lated denx ati\ es. It is the purpose of 
this paper to report the application of t his method to a studv" of the me- 
tabolism of the three meth3’lated xanthines commonly found in the human 
diet. 


EXPEEIiLENTAIi 

^letabolic studies were carried out on fi\e different individuals to in- 
xestigate the effect of the administration of caffeine, theoph3’llme, and 
theobromine on uric acid excretion. In the first series of experiments, the 
general plan was to place the subject on a purine-free diet for a period of 9 
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days. This was divided into a 3 day control period, a 3 day experimental 
period during which 1 gm. per day of the methykanthine in question was 
fed in two divided doses, and a final 3 day control period. Urine samples 
were collected over 24 hour periods and analyzed for total phosphotungstic 
acid-reducing materials, residual reducing materials, and true uric acid by 
the unease procedure of Buchanan, Block, and Christman (20). Analyses 
were also made for uric acid by an adaptation of the ammoniacal silver 
precipitation method of Benedict and Hitchcock (12) to the Evelyn 
photoelectric colorimeter with the alkaline urea-cyanide reagent of Christ- 
man and RavAvitch (21) and the arsenophosphotungstic acid of Benedict 
(16, 17). Creatinine determinations Avere made on all 24 hour samples of 
urine to check on the completeness of the urine collection. Since these 
values showed only slight variations from day to day for a single individual, 
they have not been included in Tables I and II. 

Table I contains a summaiy of the uric acid values for subject 0. H. B. 
after the administration of caffeine, theophylline, and theobromine. This 
indiAudual does not drink coffee or tea and this fact may explain the differ- 
ences observed in the results for this subject as compared to those found 
for the two subjects (Table II) Avho are habitual drinkers of coffee. 

The ingestion of caffeine caused an 84 per cent increase in the total 
reducing materials, from a 3 day average control A'aliie of 435 mg. per 
24 hours to an average of 799 for the experimental days. The true uric 
acid increased only 5 per cent, from an average of 390 to 411 mg. per 24 
. hours. The striking feature of the experiment Avas tlie tremendous increase 
in residual color; f.c., the phosphotungstic acid-reducing materials which 
are not oxidized by incubation Avith uricase. This residual material, 
measured in terms of uric acid, increased from an aA'emge Amlue of 45 mg. 
per 24 hours for the 3 day control period to an average of 388 mg« per 
24 hours for the experimental period, a 760 per cent increase. This rise m 
residual color is still evident on the day following the last administration of 
caffeine, probably because the last dose of drug Avas taken late in the pre- 
ceding afternoon. It is because of this lag in the excretion of the residual 
material that the A’alues obtained for the 3 days preceding the ingestion of 
the methylxanthines have been used in all cases to compute the a\^erage 
control values. In order to prove that sufficient uricase Avas being em- 
ployed to destroy all of the uric acid in these experimental urines, known 
amounts of uric acid Avere added to these samples and sho^A^l to be com- 
pletely oxidized by the enzyme. 

Uric acid as determined by the silver precipitation procedure rose to a 
level averaging 95 per cent above that found for the control period, 
the average for true uric acid for the experimental days (411 mg.) is su 
tracted from that for the silver precipitation (689 mg.) and the resu 
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ciividctl by the average iiicrciUNe in residual color (343 mg.), it is found that 
about 82 per cent of (ho extra non-uric acid reducing material is carried 
down ill (Jio silver piecipit;ition fraction. The possibilit}'- that this residual 

Tablk I 

KjJccl of luQc^liun of Methylated Xanthines on Uric Acid Excretioxi 
Subject, O. H. B.; age, 28; weight, 130 pounds. All values are expressed as mg. 
excreted in 21 hours. 

Uric acid 

by silver Diet 

ppttt. 


42 
49 

43 
302 
454 
409 

in 

49 

10 

;u 

4t 

42 

154 


370 

393 

407 

417 

435 

3S0 

383 

3S0 

330 

33G 

110 


Unc acid by uricasc method 


Total 

Residual 

True uric 

color* 

color* 

acid 
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days. This was divided into a 3 day control period, a 3 day experimental 
period during which 1 gm. per day of the methylxanthine in question was 
fed in two dmded doses, and a final 3 day control period. Urine samples 
were collected over 24 hour periods and analyzed for total phospbotungstic 
acid-reducing materials, residual reducing materials, and ti*ue uric acid by 
the uricase procedure of Buchanan, Block, and Christman (20). Analyses 
were also made for uric acid by an adaptation of the ammoniacal silver 
precipitation method of Benedict and Hitchcock (12) to the Evelyn 
photoelectric colorimeter with the alkaline urea-cyanide reagent of Christ- 
man and Bavwitch (21) and the arsenophosphotungstic acid of Benedict 
(16, 17). Creatinine determinations were made on all 24 hour samples of 
urine to check on the completeness of the urine collection. Since these 
values showed only slight variations from day to day for a single individual, 
they have not been included in Tables I and II. 

Table I contains a summary of the uric acid values for subject 0. H. B. 
after the administration of caffeine, theophylline, and theobromine. This 
individual does not drink coffee or tea and this fact may explain the differ- 
ences obser\'ed in the results for this subject as compared to those found 
for the two subjects (Table II) who are habitual drinkers of coffee. 

The ingestion of caffeine caused an 84 per cent increase in the total 
reducing materials, from a 3 day average control value of 435 mg. per 
24 hours to an average of 799 for the experimental days. The tme unc 
acid increased only 5 per cent, from an average of 390 to 411 mg. per 24 
hours. The striking feature of the experiment was the tremendous incre^e 
in residual color; t.c., the phospbotungstic acid-reducing materials ^Yhich 
are not oxidized by incubation with uricase. This residual material, 
measured in terms of uric acid, increased from an average value of 45 rag. 
per 24 hours for the 3 day control period to an average of 388 mg. P^r 
24 hours for the experimental period, a 760 per cent increase. This rise m 
residual color is still evident on the day following the last administiation o 
caffeine, probably because the last dose of drug was taken late in the pre- 
ceding afternoon. It is because of this lag in the excretion of the residua 
material that the values obtained for the 3 days preceding the ingestion o 
the methylxanthines have been used in all cases to compute the average 
control values. In order to prove that sufficient uricase w'as being cm 
ployed to destroy all of the uric acid in these experimental urines, known 
amounts of uric acid were added to these samples and sliowm to be com 
pletely oxidized by the enzyme. 

Uric acid as determined by the silver precipitation procedure rose o a 
level avera^g 95 per cent above that found for the control perio • 
the average for true uric acid for the expei*imental days (411 mg.) is su 
tracted from that for the silver precipitation (689 mg.) and the res 



BUCHANAN, CHRISTMAN, AND BLOCK: 


195 


procedures involving a preliminary precipitation mth silver salts appear to 
carry down with uric acid from 80 to 100 per cent of the extra reducing 
material excreted after caffeine ingestion and about 45 per cent of that 
excreted after theophylline administration. The uricase procedure, how- 

Table II 

Effect of Ingestion of Caffeine and Theophylline on Uric Acid Excretion 


All values are expressed as mg. excreted in 24 hours. 



Date 

Uric acid by uricase method 

Uric acid 
by silver 
ppta. ; 

Diet 


ToUl 
i color* 

! Residual 
color* 

True uric 
acid 

Subject, A. A. 

iioy, S94S 

11 1 

615 

69 1 

i 

545 

577 i 

Low purine 

C.; age, 47; 

12 

469 

54 : 

415 

421 

*{ a 

weight, 142 

13 

515 

56 ' 

459 

480 

II II 

lbs. 1 

14 

628 

159 I 

469 

541 

1 gm. caffeine 


15 

647 1 

185 ; 

462 

571 

0,9 gm. caffeine 


16 

564 

131 

433 

480 

Low purine 


17 , 

565 

71 , 

494 

514 

a if 


18 

550 

67 

482 

485 

li II 


19 1 

692 

79 

613 

653 

High » 

Subject, W.D. 

June, ms ^ 
2 1 

431 

75 

356 

I 399 

' Low " 

B.; age, 32; ^ 

3 

511 

73 

438 

460 

1 <1 11 

weight, 160 : 

4 

409 

70 1 

339 

1 347 

1 II II 

lbs. 

5 

547 1 

217 ; 

330 

i 471 

1 1 gm, caffeine 


6 

665 1 

295 I 

370 

5&i 

! 1 II 1* 

1 


7 

601 1 

206 { 

395 

\ 312 

1 “ “ 


8 

577 i 

lOi 

473 


Low- purine 


9 

734 i 

63 i 

661 

: 

II II 


10 

658 

66 

592 


11 II 


11 

534 

62 

472 

: 470 

II II 


12 I 

584 

S3 

501 

497 

11 li 


13 

661 

341 


439 

1 gm. theophyllmo 


14 ' 

42it 

loot 

23lt 

291t 

1 “ 


15 i 

469 

100 

1 369 

372 

Low purine 


16 1 

528 

63 

405 

477 

i< fi 


17 i 

534 

77 

467 

4Sl 

a 


* Expressed in terms of uric acid, 
t The subject became ill from the effects of the drug. 


over, demonstrates that there is no increase in true uric acid ;iiter die 
admnustration of either caffeine or theophylline. Theobromine causes no 
significant change in uric acid excretion as measured by cither tiiC direct, 
the silver precipitarion, or tlie uricase method. 
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The results of a study of the rate of excretion of uric acid and the nou-uric 
acid reducing materials after the ingestion of caffeine and theophylline are 
shown in Fig. 1, Subject 0. H. B. was placed on a purine-free diet for a 
period of 11 days. 500 mg. of caffeine were fed on the 2nd and 7th days 
and 500 mg. of theophylline on the 4th and 9th days. Analyses similar to 
those previously described were made on urines collected over 2, 3, and 6 
hour periods, as indicated in Fig. 1. All values are calculated in rag. of 
material excreted per hour and are plotted against time in hours. 

An hourly variation was observed in the amount of total phosphotungstic 
acid-reducing materials excreted during the control periods. The values 



Fig. 1 . Uric acid excretion following the ingestion of caffeine and theophylline by 
subject O. H. B. 500 mg, of caffeine were taken on the 2nd and 7th days and 500 mg. 
of theophylline on the 4th and 9th days. Each small division on the abscissa repre- 
sents 6 hours. A, total phosphotungstic acid-reducing materials; true uric acid; 
Cy non-uric acid reducing materials. 


were usually higher from 8 a.m. to 2 p.m. and decreased during the early 
morning hours, but, in general, average from 15 to 18 mg. per hour. The 
ingestion of either caffeine or theophylline caused a definite increase m 
total color during the first 12 hours after administration, which was followed 
by a marked decrease during the second 12 hour period. It should be 
emphasized again that these values for total color are the sum of the two 
components, true uric acid and non-uric acid residual materials. Sirai ar 
results would be observed if direct procedures for uric acid, such ^ ^ 
Benedict-Franke or Folin’s direct method (22), had been used. Clarke an 
de Lorimier, using the Benedict-Franke method, obtained increases m 
uric acid excretion similar to those after the administration of caffeine. 
Values for true uric acid ranged from 10 to 18 mg. per hour on the 
days. The excretion was usually greater during the portion of t e 
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when the subject 'was more active and diminished during the early morning 
hours. The first ingestion of caffeine caused a slight increase in true uric 
acid during the first 0 hours, but this was followed by a gradual decrease to 
the very low level of 7.7 rag. per hour during the earl}' morning hours. 
A similar increase and subsequent decrease were observ'ed after the second 
administration of caffeine. Theophylline ingestion caused fluctuations m 
true uric acid resembling those found with caffeine. How'ever, when the 
total amounts of true uric acid excreted over each 24 hour period are 
compared, it can be seen that the daily excretion of true uric acid is not 
significantly changed by the administration of either caffeine or thcophyh 
line. The initial increase in true uric add excretion which occurs during 
the first 6 to 8 hours after the ingestion of these tivo methylated .xanthines 
is compensated by a decreased e.xcretion which occurs later m the day. 
It is suggested that this temporary increase in uric acid excretion is caused 
by either a stimulation in general metaboUsra or by the intense diuresis 
resulting from the ingestion of caffeine and theophylline in such large 
amounts. All subjects suffered very definite ner\ous stimulation after 
dosage with either drug and in the study reported in Fig. 1 the excretion of 
urine during the 2 hour period immediately following the admimstrarion of 
500 mg. of theophylline averaged 8.8 cc. per minute as compared to 1 to 2 
cc. per minute during the control periods. 

The most striking results W'ere those obtained for residual color, as sliow n 
in Rg. 1. While the hourly e.xcretion during the control day^ u.is rel- 
atively constant and averaged from 2 to 4 rag per hour, marked increases 
were obser\''ed after the ingestion of 500 mg. of caffeme or theoplnJime, 
The first administration of caffeine resulted in valuer for residual color of 
7.5, 1 1 .1 , and 6.8 mg. per hour for each of the three 6 hour penods folluw mg 
dosage. The residual matenal excreted during die three 2 hour period’^ 
immediate!}' following the second ingestion of caffeine amount<.*<i to 1 9, 
8.4, and 12.2 mg. per hour, respectively. Theophylline produced an tvui 
greater rise in non-uric acid reduemg matenais, as sliow n by \ aluc;? of 22 rag. 
per hour for the 3 to G hour period following the fir^t do^.ige, and 23 rng. 
per hour during the 2 to 4 hour penod after the second administration It 
can be seen from Fig. 1 that theophylhne causes a much greater mca a e in 
residual materials and is more prompt m its action than caffeine 

Table III gives the total 24 hour values calculated from d*o data pre- 
sented in Fig. 1. The figures listed in the tliird column thoa die ru:--rk- 
ably consistent x'alues obtained for the nomuric acid reducing 
excreted by an individual on a low* purine diet for a number of da} ^ , ..ud d-e 
very definite increases in this fraction after the inge^uca of caiium'* 
theophylline. The values of 173 and 170 mg. per 21 hour^ ait<.r in- 
gestion of 500 mg. of caffeine and 2S3 and 272 mg. after the 
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of 500 mg. of theophylline show that the ingestion of a certain amount of 
methylxanthine causes the excretion of a definite, consistent amount of 
non-uric acid reducing material by any one individual. From the results 
given in the fourth column, it can be seen that the excretion of true uric acid 
is not significantly increased by the administration of either caffeine or 
theophylline when considered over 24 hour periods. 

Table III 

Effect of Ingestion of Caffeine and Theophylline on Uric Acid Excretion* 
Subject, age, 29; weight, 130 pounds. All values are expressed as mg. 

excreted in 24 hours. 


Date 

Total reducing 
materialst 

Non'uric acid 
reducing 
matcruJst 

Trtia uric acid 

Diet 

Apr., 19-Pf 

19 

397 

63 

334 

Low purine 

20 

509 

173 

336 

500 mg. caffeine 

21 

442 

63 

379 

Low purine 

22 

576 

i 283 

293 

500 mg. theophylline 

23 

357 

67 

290 

Low purine 

24 

415 

68 

347 

(( << 

25 

532 

179 

353 

500 mg, caffeine 

26 

375 

66 

309 

Low purine 

27 

626 

272 

351 

500 mg. theophylline 

28 

399 

I 62 

i 337 

i Low purine 


395 

1 

49 

1 346 

(( tt 


* Data from Fig. 1 summarized for 24 hour periods, 
t Measured in terms of uric acid. 


DISCUSSION 

The oral administration of caffeine, theophylline, or theobromine has 
little effect on the excretion of true uric acid over 24 hour periods, as 
determined by the uricase procedure. However, the ingestion of caffeme 
and theophylline does cause the excretion of considerable amounts of a 
phosphotungstic acid-reducing material which is not oxidized by the 
enzyme uricase. All of this non-uric acid reducing material is included 83 
uric acid by the direct colorimetric methods for the determination of unc 
acid, and a portion of the material is carried down with uric acid by 
indirect colorimetric procedures involving a preliminary precipitation with 
silver salts. This non-specificity of the older colorimetric procedures for 
determining uric acid thus would seem to be the explanation for the nu- 
merous reports in the literature of an increased uric acid excretion following 
the administration of these two methylated xanthines. ^ ^ 

Myers and coworkers were the first to suggest the possible formation o 
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methylated uric acids by the oxidation of the methybcanthines. They 
further showed that certain of the methyluric acids reduce phosphotungstic 
acid and are precipitated by both ammoniacal silver and acid silver lactate. 
However, they published no proof of their hypothesis and had no analytical 
procedure available to distinguish between uric acid and its methylated 
derivatives. The results obtained by the application of the more specific 
enzymatic procedure to a study of the problem show that the extra re- 
ducing material excreted after the ingestion of caffeine and theophylline 
is not uric acid, but this method still offers no direct proof as to the identity 
of the non-uric acid materials. 

Ascorbic acid, resorcinol, ergothioneine, glutathione, cystine, and several 
of the methyluric acids reduce phosphotungstic acid under the alkaline 
conditions used in the uric acid determinations, and none of these substances 
is oxidized by incubation 'with uricase (20). Urine samples collected before 
and after the administration of caffeine to one of the subjects in the present 
study were analyzed for ascorbic acid, but no increases were observed. 
Glutathione and cystine give only 0.51 and 0.54 per cent as much color 
with phosphotungstic acid as uric acid (20). Therefore nearly 300 gm. of 
these substances Would have to be excreted over a 4 day period to account 
for the 1500 mg. of extra residual material excreted by 0, H. B. after the 
ingestion of 3 gm. of theophylline. Since large proportions of the residual 
material are precipitated by ammoniacal silver, resorcinol could not be a 
source of the residual color. Ergothioneine has a chromogenic value 24 
per cent of that of uric acid and is precipitated by ammoniacal silver. 
Analyses for ergothioneine were not carried out, but the excretion of G gm. 
of this material in 4 days would be required to account for the 1500 mg. of 
residual material mentioned above. 

The methyluric acid hypothesis suggested by iMyers and coworkers 
appears to be the most probable explanation for the increases in residual 
color. Only three of the methylated uric acids reduce phosphotungstic 
acid to any appreciable degree (20). Under the conditions of the uricase 
procedure 1-methyiuric acid, 1 ,3-dimethyluric acid, and 3-methyluric acid 
give an amount of color equivalent to 105.1, 50.9, and 31.9 per cent re- 
spectively of that given by uric acid. Of these three methyluric acids, 
only the 1-methyluric acid is precipitated by ammoniacal sih er under the 
conditions used throughout this work. It is not precipitated from weak 
lithium carbonate solutions by ammoniacal silver, but w’hen added to urine 
is precipitated almost completely along with uric acid. 

By the mechanism suggested by iM^'ers ct al.j caffeine could give rioc to all 
of the tri-, di-, and monomethyluric acids which have methyl groups 
substituted in the 1,3, or 7 position. Either the 1 ,3-diraetbyluric acid, 
1-methyluric acid, or 3-methyluric acid would have to be formed to account 
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for the reduction of the color reagents. It would appear, then, that at 
least a portion of the caffeine must be demethylated in the 7 position. 

For subjects 0. H. B. and A. A. C. about 80 per cent of the extra residual 
material was precipitated by ammoniacal silver, while nearly 100 per cent 
was carried down in the experiment on W. D. B. Only 1-methyluric acid 
is precipitated by this procedure. Therefore, it is suggested that from 80 
to 100 per cent of the extra reducing material excreted after caffeine in- 
gestion is 1-methyluric acid, while the remainder is either 1,3-dimethyluric 
acid, 3-methyluric acid, or a mixture of both compounds. The absolute 
amount of these compounds which could be formed appears to be subject to 
individual variations, 

1, 3-Dime thyluric acid would be formed by the oxidation of theophylline 
^in position 8, while either 1-methyluric acid or 3-methyluric acid would 
result from a combination of oxidation and partial demethylation. From 
the results listed in Table I, subject 0. H, B, appears to have converted 
about 50 per cent of the 3 gm. of theophylline ingested into chromogenic 
methyluric acids. About 45 per cent of the latter was precipitate by 
ammoniacal silver and therefom would seem to be 1-methyluric acid. 

By a simple oxidation in position 8, theobromine would be converted 
*»’■ 3,7-dimethyluric acid. An oxidation and partial demethylation 
' ' result in the formation of either 3-methyluric acid or 7-methyluric 
* Of these three possible metabolites only 3-methyluric acid reduces 
phosphotungstic acid to any appreciable extent. Therefore, the only 
conclusion which can be made from the present study concerning the 
metabolism of theobromine is that neither uric acid nor 3-methyluric acid 
is formed ixl any significant amount. 

The authors appreciate that the final proof that the non-uric acid re- 
ducing materials are methyluric acids awaits the isolation of these com- 
pounds. After the present metabolic experiments were completed, pre- 
liminary work on such isolations was start^. Since the entire time of two 
of the authors was directed to a war project, it was necessary that this 
work be temporarily postponed. 

SUMMARY 

The ingestion of caffeine or theophylline by human subjects is followed 
by a definite increase in the excretion of phosphotungstic acid-reducing 
materials as measured colorimetrically by both the direct or silver pre- 
cipitation methods for the determination of uric acid. The administration 
of theobromine causes no such increase in uric acid excretion. 

The fractionation of this chromogenic material into true uric acid ^ 
residual reducing materials by the use of the enzyme uricase shows that^ e 
true uric acid excretion is increased very little, if at all, over a 24 hour perio 
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A slight increase in true uric acid does occur during the first 6 hours after the 
administration of caffeine or theophylline, but a diminished output later 
in the day compensates for this temporary increase. It is suggested that 
this slight increase is due to diuresis or a temporary stimulation of me- 
tabolism rather than to a conversion of the methylxanthines to uric acid. 

The ingestion of caffeine or theophylline causes a very definite increase 
in the excretion of phosphotungstic acid-reducing materials which are not 
oxidized by incubation with uricase. Evidence has been presented which 
suggests that these materials may be 1-methyluric acid, 3-methyluric acid, 
or 1,3-dimethyluric acid formed by the oxidation and partial demethylation 
of the methylated xanthines. 

The authors wish to express their appreciation to Miss Naomi Geib for 
assistance in making the analyses reported in Fig. 1. 
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THE CHEMISTRY OF THE LIPIDS OF TUBERCLE BACILLI 

LXXU. FATTY ACIDS OCCURRING IN THE WAX PREPARED FROM 
TUBERCULIN RESIDUES. CONCERNING 
MYCOCEROSIC ACID* 

By LEONARD G. GINGERf and R. J. ANDERSON 
{From the Department of Chemistry, Yale University, New Haven) 

(Received for publication, October 20, 1944) 

It has been found in previous studies reported from this laboratory (1) 
that the wax fractions isolated from the human tubercle bacillus, Strain 
H-37, contain a series of fatty acids combined with a specific polysaccharide 
(2). In addition to my colic acid (3), which is the chief acid constituent, 
small amounts of normal fatty acids occur, such as palmitic, oleic, stearic, 
and hexacosanoic acids. The presence of tuberculostearic acid and the 
dextrorotatory phthioic acid has also been observed. 

What appears to be of special interest is the occurrence of fatty acids of 
high molecular weight that are levorotatory. These acids form lead salts 
that are easily soluble in ether. A levorotatoiy fatty acid was first en- 
countered in the analysis of the purified wax (1). Later on an acid was 
isolated which melted at 48-50° and its specific rotation was —6.1° (4)- 
Its molecular weight and composition agreed approximately with the for- 
mula C 30 H 60 O 2 . The low melting wax contained in the mother liquors in 
the purification of the phosphatide (5) contained a levorotatoiy fatty acid 
which melted at 37-38°, and the specific rotation of different fractions 
varied from —7 to —10°. The molecular weight and composition of these 
acid fractions were in agreement with the formula C 3 jH 6202 . 

In view of the fact that the purification of the levorotatoiy fatty acid 
has been found to be even more difficult than the purification of phthioic 
acid, the actual composition and specific rotation of the acid cannot be 
regarded as definitely established. It is moreover possible that homologous 
or 'even isomeric forms of the acid may be present. However, judging by 
observations in this laboratory extending over a period of years, there ap- 
pears to be no doubt that a levorotatory fatty acid fraction having the ap- 

* The present report is a part of a cooperative investigation on tuberculosis; it 
has been supported partly by funds provided by the Research Committee of the Na- 
tional Tuberculosis Association. 

t Holder of a National Tuberculosis Association Fellowship at Yale University , 
1942-44. 

The data are taken from the dissertation submitted by Leonard G. Ginger to the 
Faculty of the Graduate School, Yale University, 1943, in partial fulfilment of the 
requirements for the degree of Doctor of Philosophy. 
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proximate composition represented by the formula CaoHeoOa is a constant 
cleavage product of the wax fractions of the human tubercle bacillus, 
Strain H-37, In order to designate this acid by a characteristic name we 
propose to call it “mycocerosic acid.** Should it be found eventually that 
more than one such acid occurs, then the prefixes a-, j3-, etc., may be applied. 

The present investigation concerns itself primarily with a study of the 
levorotatory mycocerosic acid which was isolated from the wax fraction of 
cell residues from the preparation of the purified protein derivative PPD 
(6). As has been indicated in an earlier publication (7), the exact strain 
of tubercle bacilli used in the preparation of this lot of PPD is unknown, 
but it was imdoubtedly a human strain, although certain differences in 
fatty acid constituents have been found, as well as differences in the poly- 
saccharide component of the phosphatide. 

EXPERIMENTAL 

The crude chloroform-soluble wax which served as the starting material 
in this investigation had been isolated from cell residues, as described in 
Paper LXVIII of this series (7). 

Furificaiion of the Wax — For purification 308.6 gm. of the crude wax were 
dissolved in 1 .5 liters of warm ether and the solution was filtered to remove 
some filter paper fibers. The solution was cooled in ice water and about 
an equal volume of methyl alcohol was added slowly with stirring. The 
precipitate that separated was filtered off and washed 'with methyl alcohol. 
The precipitate was redissolved in ether and precipitated by the addition 
of methyl alcohol. After these operations had been repeated four times, 
a nearly white powder was obtained which, after it had been dried in vacuo, 
weighed 232.6 gm. The mother liquors and washings were combined 
and the solvent was evaporated. The residue formed a deep yellowish 
salve-like mass which weighed 75.5 gm. This fraction was saved for future 
investigation. 

The purified wax softened at 43® and formed a clear melt at 53®, [<xh 
in CHCI3 = -p3.8®. The substance was nearly saturated, since the iodine 
number was only 2.3. 

Analysis— ypaMnd, C 76.49, H 12.85, N 0.10, P 0.12, ash 0.73 

The high oxygen value, about 9.3 per cent by difference, suggests the pres 
ence of a considerable amount of carbohydrate. 

Saponification of the Purified Wax — It has been found in earlier expen 
ments in this laboratory that the tubercle bacillus wax on^ sapon cn 
yields carbohydrate, mycolic acid, certain normal fatty acids whose ea 
salts are insoluble in ether, levorotatory acids, and small amounts ^ ^ 
acids, such as oleic, tuberculostearic, and phthioic acids, whose ea 
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are easily soluble in ether, neutral material, and sometimes glycerol. A 
method for the separation of these cleavage products was described by 
Reeves and Anderson (8), and the same procedure was applied in the 
present case. 

For saponification 227.6 gm. of the purified wax were dissolved in about 2 
liters of benzene and 500 cc. cf normal methyl alcoholic potassium hydroxide 
were added. After the solution had stood at room temperature for a short 
time, a precipitate consisting of carbohydrate separated. The solution 
was warmed, after which the precipitate was filtered off, washed with hot 
benzene, and purified, as will be described later. To the combined filtrate 
and washings were added 15 gm. of potassium hydroxide dissolved in 100 
cc. of methyl alcohol, and the solution was refluxed in an atmosphere of 
nitrogen for 72 hours. The reaction mixture was concentrated zn vacuo 
to a volume of about 700 cc., diluted with 1.5 liters of water, acidified with 
hydrochloric acid, and extracted five times with ether. 

The aqueous solution was neutralized with potassium hydroxide, evapo- 
rated in vacuo to dryness, and examined in the usual manner for glycerol. 
The resulting product was a thick syrup that weighed 4.5 gm. It gave no 
Molisch reaction but a positive test for acrolein. The syrup was pre- 
sumably crude glycerol, but it was not further identified. 

Separation of the Eiher^Soluble Constituents — The ethereal solution was 
dried over sodium sulfate, filtered, and evaporated to dryness. The 
yellowish residue was dissolved in 400 cc. of ether and diluted with 600 cc. 
of alcohol, Avhich caused a voluminous, finely divided precipitate to 
separate. After the mixture had been cooled in ice water the precipitate 
was filtered off, washed with alcohol, and dried in vacuo over sulfuric acid. 
The slightly yellowish product, consisting mainly of crude mycolic acid, 
weighed 127.7 gm. This substance was reserved for further investigation. 

The filtrate and washings were combined and the ether was removed by 
distillation, after which an excess of lead acetate dissolved in hot alcohol 
was added. After the solution had cooled and stood overnight, the lead 
salts of the fatty acids were filtered off, washed with alcohol, and dried 
in vacuo over sulfuric acid. 

The lead salts, on treatment with ether, were separated into ether- 
soluble and ether-insoluble fractions which w'ere decomposed in the usual 
manner with dilute hydrochloric acid. The ether-soluble lead salts gave 
33.9 gra. of acids as a salve-like mass, while the ether-insoluble lead salts 
gave 30 gm. of solid fatty acids. 

The filtrate and washings from the alcohol-insoluble lead salts were com- 
bined and evaporated nearly to dryness in vacuo. The residue was treated 
with 500 cc. of dilute acetic acid and extracted four times with ether. 
The aqueous portion was then discarded. The ethereal solution w'^** 
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washed with water until the washings were neutral, after which it was ex- 
tracted three times with 200 cc. portions of dilute sodium hydroxide. The 
alkaline solutions, on acidification with hydrochloric acid and extraction 
with ether, yielded 8.9 gm. of liquid fatty acids that had not been precipi- 
tated as lead salts. 

The ethereal solution, following the alkaline e.xtractions, was washed 
with water, dried over sodium sulfate, filtered, and evaporated to dryness. 
The residue consisting of neutral material was a nearly white, partly crystal- 
line mass that weighed 16.6 gm. 

Purification of the Carbohydrate — The precipitate that separated from 
the alkaline benzene solution, as mentioned previously, was dissolved in 
200 cc. of water to give a cloudy solution that was strongly alkaline in re- 
action. The solution was acidified Avith acetic acid and filtered through a 
layer of norit. Neutral lead acetate was added to the filtrate and the sh'ght 
precipitate that separated was filtered offhand discarded. The carbohy- 
drate was then precipitated by adding an excess of basic lead acetate and 
ammonia. The lead salt was filtered off and washed mth water, after 
' which it was suspended in water and decomposed mth hydrogen sulfide. 
The lead sulfide was filtered off and the filtrate was concentrated in vacuo 
to a thick syrup. The syrup on dehydration with absolute alcohol gave a 
white powder that weighed 8.3 gm., [ajo in HsO = +51.0°, and there was 
no mutarotation. 

Analysis — Found, N 0.43, P 1.9 

The substance gave no reduction with Fehling’s solution until after it 
had been hydrolyzed. On refluxing with 5 per cent sulfuric acid the maxi- 
mum reduction determined by the Shaffer-Hartmann method (9) was at- 
tained in about 3 hours and amounted to 67 per cent, calculated as glucose. 
The carbohydrate gave the usual pentose color reactions and was apparently 
similar to the pentose-containing polysaccharide of the human tubercle 
bacillus. 

The various cleavage products of the wax are summarized in Table I. 

The balance of this investigation is concerned mth a study of the fatty 
acids obtained from the ether-soluble lead salts, with the solid acids ob- 
tained from the ether-insoluble lead salts, and the acids obtained from the 
alcohol-soluble lead salts, that is, with Fractions 4, 5, and 6 of Table^ • 
Investigations dealing with the crude mycolid acid. Fraction 3, and wit 
the neutral material, Fraction 7, will be reported in subsequent papers. 

. Fractionation of ike Fatty Acids Obtained from the Ether-Soluble lAa 
Salts, Isolation of Mycocerosic Acid — The fatty acid, 33.9 gm., obtame 
from the ether-soluble lead salt was saturated, since it showed no lodme 
number. The acid was converted into the methyl ester by refluxing wi 
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absolute methyl alcohol containiug 5 per cent of dry hydrochloric acid, 
after which the ester was isolated in the usual manner and yielded 32.1 gm. 
of ester as a soft, yellowish mass. The ester was distilled through a modi- 
fied Widmer column, the apparatus being sealed on to the vacuum line. 
The system was evacuated by means of a diffusion mercuiy pump backed 
by an efficient Hyvac pump, and the pressure was measured on a 
McLeod gage. 

At a pressure of about 10“® mm. the ester distilled at a bath temperature 
of 230-250° with a vapor temperature of 195-205°. The distillate was 
almost colorless and it weighed 26.6 gm. The yellowish residue weighed 
4.5 gm. Both fractions solidified at room temperature. It is obvious, in 
view of the high temperature at which the distillate came off, that no lower 
fatty acids could have been present. 


Table I 

Hydrolysis Products from 227.6 Gm. of Purified Wax 


Fraction No. | 

1 

Description 

Weight 

i 

1 

Purified carbohydrate 

gm. 

8.3 

2 

Crude glycerol 

4.5 

3 

mycolic acid 

' 127.7 

4 

Fatty acids from ether-soluble lead salts 

33.9 

5 

Solid ‘‘ ether-insoluble lead salts 

30.0 

6 

j Fatty “ alcohol-soluble ** “ 

8.9 

7 

1 Crude neutral material 

16.6 


Saponification of the Ester — The distilled ester was saponified by re- 
fluxing for several hours with an excess of alcoholic potassium hydroxide, 
after which the free acid was isolated and dried to constant weight in vacuo 
over sulfuric acid. The crude mycocerosic acid formed a non-crystalline 
waxy solid. 

Rotation — 0.4597 gm, of acid, dissolved in chloroform and diluted to 10 
cc., gave in a 1 dm. tube a = —0.34°; hence [a]o — —7.39°. 

Titration— gm. of acid, dissolved in 25 cc. of neutral alcohol, re- 
quired 25.51 cc. of 0.01318 N alcoholic potassium hydroxide. 

Found, mol. wt. 455 
For CaoHcoOj. Calculated, mol. wt. 452 

Fractionation of the Acid — Since Wieghard and Anderson (5) had found 
that the barium salt of the levorotatory acid that they examined had useful 
properties, an attempt was made to purify the present acid by the same 
method. For the preparation of the barium salt the acid was dissolved in 
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500 cc. of ether and the solution was neutralized to phenolphthalein by 
the addition of a 10 per cent solution of barium hydroxide in warm methyl 
alcohol. After the mixture had stood overnight, the granular precipitate 
was filtered off, washed with methyl alcohol, and dried. The substance 
was a white powder which weighed 29.0 gm. 

The barium salt was dissolved in warm benzene and precipitated by the 
addition of methyl alcohol. The filtrate from this operation was cooled in 
ice water, which gave a second fraction. The final filtrate and washings 
on concentration to dryness gave a third fraction. These operations were 
repeated on each fraction several times, after which the various fractions 
were analyzed for barium by combustion to barium carbonate in a platinum 
crucible. Fractions of similar barium content and solubility were com- 
bined, and the free acids were regenerated by treatment in ether suspension 


Table II 

Properties of Mycocerosic Acid Obtained from the Barium Salts 


Fraction ' 
No. 

Weight 


40 

n 

0 

M.p. 

Mol. wt. 

c 

H 


gm. 



•c. 


per caU 

percent 

1 

2.5 

“5.10 

1.4535 

27-28 

455 

79.56 

13.19 

2 

10.3 

-4.03 

1.4530 

27-29 

460 

79.76 

13.31 

3 

9.7 

-5.07 

1.4532 

27-27.5 

1 453 

79.74 

13.27 


. ’th dilute hydrochloric acid. The properties of the acids purified over the 
barium salt are recorded in Table II. 


For C3 oH«, 0*. Calculated, C 79.65, H 13.27, mol. wt. 452 

It would appear that the values found agree most nearly with the calcu- 
lated composition of an acid of the formula C 30 H 60 O 2 . As will be noted in 
Table II, the physical constants of the acid fractions are very similar, thus 
indicating at least a certain degree of purity. However, when the methyl 
ester was subjected to fractional distillation, a series of fractions was ob- 
tained that varied in properties, thus indicating that the acid was not 
homogeneous. 

A portion of the acid, Fraction 3, Table II, was esterified with diazo- 
methane and 3.88 gm. of the ester were fractionated through a specia 
column.* The results are shown in Table III. ^ . 

The rotations of the first three fractions would indicate an adnuxture 0 
dextrorotatory acids, such as phthioic acid, whereas the other fractions 
have more uniform properties. 

1 This column had been constructed by Dr. S. F. Velick for the purification of the 
methyl eater of phytomonic acid. 
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Saponijicalion of the Ester — The ester Fractions 6, 7, 8, and 9 were com- 
bined and saponlEcd and the free acid was isolated. The acid was a waxy 
solid that could not be crystallized. It melted at 27-28®, [a]o in CHCI3 = 
"“5.7®, mol. wt. by titration 452.8. 

QalltoOz. Calculated, mol. wt. 452 

The p-bromophenacyl ester was prepared according to Judefind and 
Reid (10). The substance could not be crystallized, but separated as a 
white amorphous solid from alcohol, m.p. 47-48®. 

Analysis — CjtHtiOjBr (648.9). Calculated, Br 12.31; found, Br 11.94 

The analytical data agree best with the formula C3aH6o02 for the myco- 
cerosic acid. 


Table III 


Fraclionalion of the Methyl Ester of Mycocerosic Acid 


Fraction 

No. 

Bath 

temperature 

Column 

temperature 

Weight 


r 

“ D 

in CHCh 

4“ 

30 

tt 

I> 


•c. 

•c 


^5 




1 

238 

226 

65 

23 

+1.8 


1.4418 

2 

251 

245 

230 


-0.4 


1.4509 

3 

251 

245 

525 


-4.2 


1.4509 

4 

255 

246 

595 

; 25 

-6.2 


1.4502 

5 

259 

248 

600 


-6.9 

ISkwS 

1.4503 

6 

261 

249 

655 


1 -7.8 

0.8544 

1.4508 

7 

269 

252 

80 

24 

-6.7 


mm i m 

8 

269 

252 

215 

25 

-7.6 

0.8541 

lli.l 

9 

278 

260 

300 

25 

-7.6 

0.8541 

1.4509 


The Solid Fatty Acids Isolated from the Ether-Insoluble Lead Salts — The 
solid fatty acids, 30 gm., isolated from the ether-insoluble lead salts, were 
converted into methyl esters and fractionated through a short modified 
Widmer column at a pressure of about 0.1 mm. into three fractions and a 
large residue. The ester fractions were saponified and the free acids ^vere 
. TGcrystaUized from acetone and were obtained as colorless plates. Fraction 
1 appeared to be a typical mixture of palmitic and stearic acids. It melted 
at 57-58° and the molecular weight was 261. Fraction 2 was an apparently 
similar mixture. 

Fraction 3 gave an acid which melted at 63—64°. The molecular weight 
was 298 and the acid evidently was a mixtuie of stearic and hexaccsanoic 
acids. No effort was made to purify these acids further, but it seems safe 
to assume that the principal components were palmitic and steanc acids. 
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The residue from the distillation after it had been saponified gave an acid 
fraction that weighed 18,9 gm. It was dissolved in benzene and after 
standing and cooling it was possible to crystallize 2.5 gm. of an acid which 
melted at 81-82°. Four recrystallizations from benzene-acetone raised 
the melting point to 83-84°. The molecular weight by titration was found 
to be 394. 

Analysis— CiiEiiOi (396). Calculated, C 78.78, H 13.13 
Found, average of three analyses, ** 78.99, “ 13.09 

Although the melting point is somewhat low, the composition of the acid 
indicates that it is mainly 7i-hexacosanoic acid. 

Examination of Mother Liquors after Re^noving n-Hexacosanoic Acid — ^The 
mother liquors on concentration to dryness left a waxy solid acid which 
weighed 16.3 gm. The acid was levorotatory, [a]© in CHCb = —4.47®, 
The presence of a levorotatory acid in the solid fatty acid fraction was no 
doubt due to the formation of mixed lead salts with the normal solid fatty 
acids, thus giving lead salts that w’ere only slightly soluble in ether. 

Since the acid could not be crystallized, it ivas converted into the barium 
salt, as mentioned previously. The barium salt w’as separated into several 
fractions from benzene solution by the gradual addition of methyl alcohol. 
The main fraction of the acid regenerated from the barium salt w’as esterified 
with diazomethane and the ester was fractionated through the special 
column previously mentioned. The fore run had a low dextrorotation, 
probably due to admixture of phthioic acid. The next Uvo fractions had 
ylow levorotations. The middle fractions corresponded in rotation and 
physical constants to the purified methyl ester of mycocerosic acid and these 
fractions \vere combined and saponified. * The free acid corresponded to 
mycocerosic acid, [ajo in CHCb = —5.1°; the molecular weight by titra- 
tion was 450, 

The highest boiling ester fraction gave on saponification a levorotatory 
acid of very high molecular weight, [a I d m CHCI3 = —4.63°; the molecidar 
weight by titration was 758. The non-volatile residue from the distillation 
had a levorotation, [cxId in CHCb == —2.0°. On saponification it gave an 
acid which had a molecular weight, by titration, of 1042. These last two 
fractions were most likely impure mixtures. 

Fatty Acidsfr077i the AlcohoUSoliihle Lead Salts, Fractioii 6, Table I The 
fatty acid recovered from the alcohol-soluble lead salts weighed 8.9 
It was liquid at room temperature and the iodine number was 11. I ® 
acid was converted into the lead salt and the latter was treated emer. 
The ether-insoluble lead salt gave 1.1 gm. of a white crystalline acid whi 
was not further examined. The acid recovered from the 
lead salt was reduced with hydrogen and platinum oxide, after which & 
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lead salt-ether separation was repeated. The solid reduced acid obtained 
from the ether-insoluble lead salt weighed about 1.0 gm. It melted at 
and the molecular weight by titration was 292. This material was 
not further examined. The acid obtained from the ether-soluble lead salt 
was esteriiied by diazo me thane and the ester was fractionated repeatedly 
through the special column, as mentioned prenously. The results indicated 
that the ester was a complex mixture. 

The first ester fraction ga\’e on saponification a small amount of a solid 
fatty acid which was not identified. The ne.xt fraction on saponification 
gave an optically inactive liquid-saturated acid that corresponded in proper- 
ties and composition to tuberculostearic acid, CisHjsOs. The third frac- 
tion was dextrorotatory and on saponification gave an acid that had [orjo = 
+5.0° and the molecular weight by titration was 397. The fourth fraction 
was levorotatory and on saponification an acid was obtained that corre- 
sponded in properties to mycocerosic acid, [a]© in CHCb = —5.1°, molec- 
ular weight by titration 44 S. 


SUMMARY 

An examination has been made of the fatty acids contained in the wax 
isolated from tubercle bacilli residues from the preparation of the purified 
protein derivative PPD. 

The normal fatty acids were represented by palmitic, stearic, and hexa- 
cosanoic acids and an unsaturated acid, probably oleic acid. 

The branched chain fatt3' acids gi^dng ether-soluble lead salts were 
separated into tuberculostearic acid, de.xtrorotatoiy acids analogous to 
phthioic acid, and a levorotatory acid. 

The name “m^’cocerosic acid** is proposed to designate the levorotatory 
acid which has been found to be a characteristic constituent of all the wax 
fractions of the human tubercle bacillus. 

Mycocerosic acid was obtained as a non-ciystalline waxy solid, m.p. 
27-28°, [a]r) in chloroform --5 to —6°, and its composition corresponds to 
the formula CzoHcoOj. 
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LXXIII. STUDIES ON PHTHIOCEROL* 

Br LEONARD G. GINGERf and R. J. ANDERSON 
{Prom the Department of Chemistry, Yale University, New Haven) 

(Received for publication, October 20, 1944) 

In an investigation of the cleavage products of the wax fractions of the 
human tubercle bacillus, Strain H-37, Stodola and Anderson (1) isolated 
a new d^ydrox^Tnonomethoxy alcohol to which the name “phthiocerol” 
assigned, Subsequent work by Reeves and Anderson (2) and 
leghard and ,fVnderson (3) showed that phthiocerol was a constant con- 
stituent of all wax fractions obtained from the human tubercle bacillus, 
an Cason and Anderson (4) found that it ^vas also present in the wax of the 
^ ovme tubercle bacillus. Other acid-fast bacteria that have been studied 
in this laboratory do not contain phthiocerol. The wax fractions of the 
imothy bacillus (5), the avian tubercle bacillas (6), and the so called 
eprosy bacillus (7) all contain two higher alcohols, namely d-eicosanol-2 
these alcohols have not been found in the waxes 
o t e human or bovine types of tubercle bacilli. Phthiocerol is un- 
0 tedly identical with an alcohol called “phytoglycoR' which was isolated 
y t^dal (8) from the wax of the human tubercle bacillus, although the 
was assigned to this substance. 

tMocerol crystallizes from ethyl acetate in rosettes of prismatic needles, 
Dxp ^ 2-73 , [ajj, in CHCIj = “4.8°. It was shown that phthiocerol 
cm ains two hydroxyl groups and one methoxyl group, but its constitution 
n^ been determined. It was impossible to decide whether the formula 
7^ C3^67(OH)iOCH3 or C35He9(OH)20CH3, but the analytical data 

favored the first formula. 

Prom a study of the properties of surface films of phthiocerol on different 
su strates, Stallberg and Stenhagen (9) concluded that it was a veiy long 
mo ecule with only short side chains and with one or more of the polar 
groups near one end. If side chains other than the methoxyl group were 
were short, probably methyl. 

AnH ^ hydrocarbon of phthiocerol was prepared by Stodola and 

erson (1) by reduction of the iodo compound obtained in the methoxyl 

has b report is a paxt of a cooperative investigation on tuberculosis; it 

^pported partly by funds provided by the Research Committee of the 
t T'^^^erculosis Association. 

1942-44 ^ ^ National Tuberculosis Association Fellowship at Yale University, 
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detennination. The substance, after crystallization from ethyl acetate, 
melted at 58.5-59.5° and the values found on analysis agreed best ^vith the 
formula C 34 H 70 . A sample of the hydrocarbon was furnished to Dr. 
Stenhagen, who kindly studied its .vray diffraction pattern in comparison 
with Ti-tetratriacontane (10). He concluded that it was a normal chain 
hydrocarbon of the formula C 34 H 70 , probably «-tetratriacontane. How- 
ever, the specimen sent to Dr. Stenhagen was undoubtedly impure, since 
on heating it to 130° with concentrated sulfuric acid, considerable darken- 
ing occurred. 

With the object in view of preparing a lai'ger quantity of the parent 
hydrocarbon for a more critical purification, the reaction of phthiocerol 
with hydriodic acid was investigated and the iodo compounds were isolated 
and analyzed. It was found that prolonged heating of phthiocerol with 
purified hydriodic acid and phenol was necessaiy in order to replace the 
functional groups with iodine. The iodo compounds were rather unstable 
and after a short time turned yellow 'with liberation of free iodine. Reduc- 
tion of the iodo compounds with zinc amalgam in glacial acetic acid resulted 
in the formation of unsaturated hydrocarbons mth iodine numbers from 
20 to 32. Catalytic hydrogenation of these hydrocarbons was slow and 
incomplete. In order to remove the last traces of unsaturated compounds 
recourse was had to treatment 'with hot concentrated sulfuric acid. The 
purified hydrocarbon on recrystallization from ethyl acetate separated in 
rosettes of prismatic needles similar to phthiocerol itself. 

We propose to designate the purified hydrocarbon by the name 
^^phthiocerane.'' The substance melted at 59-60° and it was optically 
inactive. 

In order to compare phthiocerane with n-tetratriacontane a specimen of 
this hydrocarbon was prepared by electrolysis of stearic acid according to 
the method of Petersen (11). The hydrocarbon crystallized from ether in 
large, colorless plates that melted at 72-73° and its crystal form and prop- 
erties were quite different from those of phthiocerane. It was only slightly 
soluble in ether or benzene, whereas phthiocerane is very soluble in these 
solvents. 

For further comparison with phthiocerane it seemed of interest to 
a simply branched hydrocarbon of approximately the same chain lengt^j 
For this purpose a sample of tuberculostearic acid, which accortog 
Spiehnan (12) is lO-methyistearic acid, was electrolyzed as described a ove 
to yield 9,26-dimethyltetratriacontaiie, 

CH,(CH,)7CH(CH,)wCH(CH2)yCHs 

I I . 

CH, CHj 

This hydrocarbon was purified by distillation in vacuo ^ ^ 

as an oil at room temperature but which solidified between 15-^^ , 
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was very soluble in ether. It is interesting that the presence of two methyl 
groups on a hydrocarbon chain of 34 carbon atoms gives rise to a product of 
very low melting point. 


EXPBULMENTAE 

Purification of Phthioccroh-T \\2 phthiocerol used in the present investi- 
gation was isolated from the crude neutral material resulting from the 
saponihcation of 227.5 gm. of purified, chloroform-soluble wax from ceil 
residues remaming from the preparation of a special lot of purified protein 
derivative PPD, described in Paper LXXII of this series (13), The 
substance was purified by several crystallizations from ethyl acetate and 
separated in colorless aggregates of fine prismatic crystals. The purified 
phthiocerol weighed 12,1 gm. and, in agreement with previous reports, 
the substance melted at 72--73'^; [ajo in CPICb was -4.37". 

wt., Rast, found, 550, 530 
Hydroxyl value, “ 5.91 

Methoxyl 5.44, 5.36 

CwHraO, (5i0). Calculated, 20H 6.29, OGH, 5.74 
(544). “ 6,13, “ 5.59 


It is evident from the properties that the substance is identical with the 
phthiocerol previously described. 

In order to test the homogeneity of the preparation, about 100 mg. of 
the substance were heated in a Washburn (14) molecular still to 160°. In 
the course of 3 hours about 10 mg. of distillate were collected. Both the 
distillate and the residue melted at 72-73° and a mixed melting point was 
also 72-73°. Since no fractionation occurred, the substance was evidently 
homogeneous 


Phthiocerol does not give any satisfactory derivatives that may be used 
or identification purposes. The acetyl and benzoyl derivatives are non- 
orystailine. The phenylurethane (4), of the several urethanes that have 
een prepared, had the most promising properties but it was amorphous 
^nd melted between 78-82°. In the present study the 3,5-dinitrobenzoyl 
crivative was prepared, but it was an oil at room temperature. Another 
^ttempt was made to prepare the phenylurethane, but the 3deld was poor, 
^rom 0.5 gm. of phthiocerol, on treatment 'with phenyl isocyanate, it was 
possible after several precipitations from methyl alcohol to isolate 140 mg. 
0 small, rod-shaped crystals that melted at 91-92°, 

C43H8206Nj (778). Calculated, C 75 .5S, H 10.5i, N 3.59 
Found, 75 99, “ 10.57, 3 56 


^ or the purpose of identification we have found that phthiocerol itself 
18 mme easily purified and identified by its properties than is the case with 
^Dy derivatives so far examined. 
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Reaclions of Phlhiocerol with Hydriodic Acid — ^It was hoped that the 
preparatioa and analysis of the triiodo compound formed by replacement 
of the three fimctional groups by iodine would serve to distinguish between 
the two formulas suggested for phthiocerol, since there is an appreciable 
difference in iodine content; namely C3dlG7l3 requires 44.51 per cent and 
C35H69I3 requires 43.79 per cent of iodine. This hope was not realized 
because no pure triiodo compound could be obtained. 

The reaction was carried out by refluxing for varying periods of time in 
an atmosphere of nitrogen 1,0 gm. of phthiocerol with 1.0 gm. of phenol 
and 15 cc. of hydriodic acid, sp. gr. 1.7, which had been freshly distilled 
over red phosphorus. After the reaction rabcture had cooled, it was diluted 
with water and extracted with ether. The ethereal solution was washed 
thoroughly with sodium bicarbonate solution, followed by washing with a 
solution of sodium thiosulfate and ^vith Avater. The ethereal solution was 
then dried over sodium sulfate, filtered, and evaporated to diymess. The 
residue was dissolved in ether and precipitated by the addition of cold 
methyl alcohol. The precipitations ^Yere repeated until a white granular 
product was obtained. The iodo compounds gradually assumed a yellow 
color on standing and the odor of iodine became noticeable. 

When the reaction mixtures were refluxed for 2 or 3 hours, the isolated 
iodo compoimds contained from 22 to 36 per cent of iodine. When the 
refluxing was continued for 34 liours, the iodine content of the iodo com- 
pounds varied from 43 to 59 per cent. The results indicated that prolonged 
refluxing with hydriodic acid was necessary to replace completely the fimc- 
tional groups Avith iodine. It was also evident that in some cases substitu- 
tion of iodine had occurred. 

Preparation of PJiihiocerane — For the preparation of the hydrocflxbon 
phthiocerol was refluxed with hydriodic acid and phenol, as mentione 
above, for 34 hours. The iodo compounds w’ere isolated and reduced by 
refluxing for 5 hours with 25 ce. of benzene, 10 cc. of glacial acetic acid, ^ 
an excess of zinc amalgam, after which the solvents were removed by 
tillation in vacuo. The residue was mixed with water and extracted 
ether. The ethereal solution was washed with dilute sodium bicarbona e 
solution and with water, dried over sodium sulfate, filtered, and evapora ^ 
to dryness. The residues were white, wax-like solids that were free 
halogen, but they were unsaturated, sho\ving iodine numbeis rmgmg f 

20 to 32. ^ T/T t be 

The unsaturated hydrocarbons obtained in these reactions could no ^ 

reduced completely with hydrogen and platinum oxide. In one 
preparation having an original iodine number of 24 w^as subjec 
catalytic hydrogenation in the presence of active platinum oxide m ^ 
bomb for a period of 50 hours, but the substance still had an 10 e 
her of 2.4. 
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In order to remove the lost traces of unsaturated compounds, the hydro- 
carbon was heated with concentrated sulfuric acid to 120®, whereupon a 
deep red color developed. The reaction mixture was cooled, diluted mth 
water, and extracted with ether. The ethereal solution was washed with 
water, dried over sodium sulfate, decolorized with norit, filtered, and evapo- 
rated to dryness. The' residue was recrystallized from ethyl acetate and 
was obtained in the form of rosettes of fine needles, quite similar in appear- 
ance to phthiocerol itself. Xo color developed on reheating to 120° Avith 
concentrated sulfuric acid. The hydrocarbon was free from sulfur and 
halogen. In chloroform solution it showed no optical activity. 

The purified phthiocerane melted at 59-60°. 

Ancdysis—Culho (i7S). Calculated, C 85.35, H 14,64 

Found, “ 85.34, 85.48, “ 14.64, 14.60 

Phthiocerane behaved like a homogeneous substance when subjected to 
molecular distillation. Both the distillate and the residue had the same 
melting point and also the same mixed melting point. Phthiocerane was 
very soluble in ether and in benzene. Its low melting point and high solu- 
bilit}’' in ether would indicate that it is not a normal straight chain h 3 ^dro- 
carbon. 

In order to compare the properties of other hydrocarbons containing 
the same number of carbon atoms in the chain as phthiocerane, we syn- 
thesized Tz-tetratriacontane and the branched chain hydrocarbon 9, 26- 
dimethyl tetratriacon tane. ‘ The properties of both of these hydrocarbons 
were different from those of phthiocerane. 

Synthesis of n-Tetratriacontane— The hydrocarbon was synthesized by 
electrolysis of 10 gm. of stearic acid, as described by Petersen (11). The 
reaction product which separated as an oil solidified at room temperature 
and was collected, washed with water, and was then refluxed with alcoholic 
potassium hydroxide for 1 hour. After the solution had cooled, it was 
diluted \vith water, and the precipitate that separated was filtered off, 
washed thoroughly with water, and dried in vacuo. The substance, after 
it had been crystallized from benzene, was dissolved in 350 cc. of boiling 
ether. As the solution cooled large, colorless, plate-shaped crystals sepa- 
rated which were filtered off, washed with ether, and dried. The crystals 
weighed 3.5 gm. and the melting point was 72-73°, in agreement with the 
recorded melting point of n-tetratriacontane. 

In view of the great differences in solubility and in melting points of 
phthiocerane and n-tetratriacontane, we do not believe that the tw^o h 3 '’dro- 
carbons are identical. 

Synthesis of 9 f26-Di7neikyltetralriacontane — ^For the preparation of 9,26- 
dimethyltetratriacontane 5 gm. of tuberculostearic acid were electrolyzed 
according to Petersen (11) and the reaction product was isolated as described 
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or n-tetratnacontane. The hydrocarbon was an oil at room temperature 
and It was very soluble in ether and benzene. It was purified by distilla- 
tion through the column developed by Dr. S. F. Velick of this laboratory. 
At a pressure of about 1 mm. the hydrocarbon distilled as a colorless oil at 
a bath temperature of 264° and a column temperature of 253°. The yield 
of the purified hydrocarbon was 0.7 gm. On cooling the oil solidified be- 
tween 15-20°. The following constants were determined: 


n" 1. 4510, df 0.8128 

Calculated, C 85.37, H 14.62 
Found, “ 85.24, ** 14.69 


DISCUSSION 

The results reported in. this paper show that the alcohol occurring in 
e wax obtained from cell residues from the preparation of tuberculin is 
1 entical with the alcohol named “phthioceroF' which we have formerly 
ISO ated from the wax fractions of Strain H-37, as well as from other strains 
^ ^ uman tubercle bacillus. Phthiocerol crystallizes readily from 

e y acetate or acetone and can be identified by its properties, but it does 
not :^eld satisfactory derivatives. So far it has not been possible to de- 
termme whether its formula is C 34 H 67 (OH)i>OCH 3 or Cs^HesiOHhOCHs 
but the analytical data favor the first formula. 

The reaction of phthiocerol with hydriodic acid is rather complicated, 
e methoxyl group is split off very readily in the Zeisei determination, but 
e replacement of the hydroxyl groups with iodine requires prolonged re- 
uxmg with hydriodic acid and does not yield very satisfactory iodo deriva- 
tives. The reduction of the iodo derivatives is easily accomplished, but 
t e resulting hydrocarbons are unsaturated and are difiScult to hydrogenate. 

The parent hydrocarbon of phthiocerol, which has been named '^phthi* 
ocerane, crystallizes from ethyl acetate and is undoubtedly homogeneous, 
and its composition corresponds to the formula C34H70 or possibly C35H72. 
The low melting point of phthiocerane, which lies 13° below that of »- 
tetratriacontane, and its high solubility in ether and benzene would indicate 
that it is not a normal straight chain hydrocarbon. 

It is very probable that phthiocerol and phthiocerane contain a long 
straight carbon chain, as suggested by Stenhagen, mth a simple side chain, 
possibly a methyl or ethyl group. It is hoped that further x-ray studies on 
the purified phthiocerane will shed more light upon its structure. 

SUMMARY 

1. Evidence is presented which indicates that phthiocerol is a homoge- 
neous substance and that its formula is eithei- C34H«7(OH)sOCH3 or 

C35Hs5(0H)30CH3. 
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2 . The reaction of phthiocerol with hydriodic acid has been studied and 
the resulting iodo derivatives, which are rather unstable, have been 
analyzed. 

3. Phthiocerane, the hydrocarbon prepared from phthiocerol by reduc" 
tion of the iodo derivative, has been obtained in very pure form. It 
crystallizes in rosettes of fine needles and melts at 59-60®. Its formula is 
either C 34 H 70 or C 35 H 72 . Its low melting point and high solubility would 
indicate that it has a branched chain structure. 

4. A new branched chain hydrocarbon, 9,26-dimethyltetratriacontane, 

CH,(CH2)7CH(CH,)„CH(CH:)7CH, 

I I 

CH, CH 4 

has been synthesized by electrolysis of tuberculostearic acid and some of 
its properties have been determined. 
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STXJDIES ON BIOLOGICAL OXIDATIONS 

XIX. SULTHYDRYL EXZYMES IN CARBOHYDRATE 3VIETABOLISM 
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(K rom ihc Chcvxical Division, Department of Medicine of the 
University of Chicago, Chicago) 

(Received for publication, September 21, 1944) 

During the last 12 years, the chemical composition of enzymes has been, 
to a certain extent, elucidated. It is now recognized that most of them are 
complex systems made up of a number of components which might be 
separated as individual molecular entities. Of these components, the 
protein moiety determines the specificity of the enzyme system} the other 
components can be replaced by substances of similar properties. A knowl- 
edge of the properties of these proteins, of the chemical groups essential for 
enzymatic activity, and of the nature of enzyme-substrate combination 
is therefore of fundamental importance. The protein moiety of the enzyme 
may be of the fibrous or of the corpuscular type; a small alteration in the 
spatial configuration of the protein or a small chemical change in some of the 
groups of the side chajns might be enough to destroy enz 3 une activity. 
This is indication that there exist in the protein molecule certain bonds 
and certain groups, located in the"‘side chains, without whose integrity no 
enzyme activity exists. Of these groups, the electronegative — SH groups 
have received most attention because of the ease and reliability of their 
detection. Of the numerous investigators who have devoted their attention 
to this subject, Helleiman and hU coworkei's, Hopkins and his coworkers, 
and Rapkine have made the most illuminating contribution and have in- 
spired other workers in the search for these — SH groups among the proteins 
of enzyme systems. Indeed, the discovery by Hellerman et aL (1) of the 
existence in urease of sulfhydryl groups which are easily available and not 
necessary for enzyme activity, and others less readily available and essential 
for enzymatic activity, has greatly clarified many seemingly contradictory 
reports. The discovery by Hopkins et aL (2), that previous addition of 
malonate or succinate protects succinoxidase from inhibition by SH 
inhibitors, and that of Rapkine (3), that previous addition of diphospho- 
pyridine nucleotide protects phosphoglyceraldehyde oxidase from in- 
hibition, have given indications for considering those — SH groups as places 
where union between protein and substrate or protein and prosthetic group 
occurs. 

Dp to 1938, sulfhydryl enz 3 nnes were reported only among certain 
hydrolytic enzymes (see the reviews by Bersin (4) and by Hellerman (5)). 
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The presence of sulfhydryl groups in oxidation enzymes was first demon- 
strated in 1938 by Hopkins and Morgan (6) in succinoxidase and by Eap- 
kine (3) in phosphoglyceraldehyde oxidase. These findings added to those 
suggesting the presence of essential — SH groups in phosphoglucomutase 
(Lehmann (7)), hexose monophosphate oxidase (von Euler and Adler 
(8)), yeast alcohol oxidase (Wagner-Jauregg and MoUer (9), Dixon (10)), 
and glycerol oxidase (Barron (11)) imply a wide distribution of the — SH 
enzymes (enzymes requiring the presence of certain — SH groups for enzy- 
matic activity). In our search for the active groups of proteins responsible 
for enzyme activity, it was decided to start with a study of the — SH groups 
essential for enzymatic activity in those processes concerned with the 
breakdown and the synthesis of carbohydrates. 

EXPERIMENTAL 

Reagents for Detection of — SH Group in Enzymes — ^For the detection of 
— SH groups in enzymes use has been made of some oxidizing agents, 
alkylating agents, and mercaptide-forming compounds. However, since 
the sulfhydryl groups of proteins show different degrees of affinity for these 
compounds, it is preferable to submit the enzymes to the action of the three 
kinds of reagents before coming to the conclusion that no — SH groups are 
necessary for enzyme activity. The danger of using single reagents, es- 
pecially those that act by oxidation, has been sulficiently emphasized by 
Anson (12). Three types of substances were used as a rule in our studies: 
iodoacetamide, p-chloromercuribenzoate, and trivalent organic arsenicals. 
As the last two reagents combine reversibly with the — SH groups, reactiva- 
tion of the inactivated enzymes was attempted with either cysteine or 
glutathione (GSH). On some occasions alloxan, porphyrindine, iodoso- 
benzoate, and maleate were used. The oxidation of groups of pro- 
teins by alloxan was demonstrated by Labes and Freisburger (13). The 
use of maleate as — SH reagent was introduced by Morgan and Frie^ann 
(14). Hellerman et al, (15) introduced p-chloromercuribenzoic acid an 
o-iodosobenzoate as — SH reagents. Iodoacetamide and porphyrindine 
were prepared at the laboratory; p-chloromercuribenzoic acid ^ ® 
organic arsenicals were generously provided by Dr. L. Hellerman ana^ y 
Dr. Harry Eagle. Glutathione was obtained from Schwartz Laboratories, 
Inc., New York. 

Methods 

Pyruvate was determined either manometrically Avith yeast 
or colorimetrically by a modification of the method of Lu (16). 
glutarate was determined colorimetrically as in Lu^s method ® ^ 

ception that the wave-length used was 5200 A, instead of 4200 
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pyruvate. Phosphorus \vas determined colorimetrically by the method of 
Berenblum and Chain (17) at a wave-length of 7300 A. Diphosphopyridine 
nucleotide was determined at a wave-length of 3450 A. All these deter- 
minations were carried out with the Beckman photoelectric quartz spec- 
trophotometer. Succinate was determined, after continuous extraction 
with ether for 4 hours, by its oxidation with pigeon breast succinoxidase. 
a-Ketoglutarate was determined according to Krebs (18) by oxidizing it to 
succinate witii permanganate and subsequent extraction of the succinate. 
Acetoacetate was measured manometrically with aniline citrate (Edson 
(19)). 

Succinoxidase — In 1938, Hopkins and Morgan demonstrated the presence 
of essential — SH groups in the activating protein (dehydrogenase) of 
succinoxidase. The same authors, in collaboration with Lutwak-Mann 
(2) found that succinate and malonate protected the — SH groups of the 
enzyme from — SH inhibitors. Succinoxidase was chosen for a comparative 
study of the inhibiting effects of a representative group of — SH reagents. 

Succinoxidase was prepared as follows: Pigeon breast muscle cut in small 
pieces was put into a Waring blendor containing 200 cc. of distilled water 
and an equal volume of crushed ice. After being stirred at high speed for 
3 minutes, it was centrifuged for 30 minutes at 2500 k.p.m, and the super- 
natant fluid was discarded; this washing was repeated. The solid mass 
was shaken with an equal volume of 0.1 m Na2HP04 for 3 hours at 30° and 
after centrifugation at 2500 r.p.m. for 30 minutes the supernatant fluid 
was used. The QO 2 of such a preparation was around 350 at pH 7.4 and 
38°. It contained no lactic or malic dehydrogenases. In Table I are 
^ven the relative degrees of inhibition of succinoxidase by arsenicals, 
p-chloromercuribenzoate, arsenite, iodoacetamide, iodoacetate, and three 
oxidizing agents used for the determination of — SH groups in proteins; 
namely, ferricyanide, porphyrindine, and o-iodosobenzoate. The arsenicals 
and p-chloromercuribenzoate had about the same combining power for the 
— SH groups of the protein, as is clearly demonstrated in Fig. 1, where the 
degree of inhibition was plotted against the concentration of the inhibitors. 
50 per cent inactivation was obtained with 3.2 X p-chloromercuri- 

benzoate and with 3.15 X lO""^ 3-amino-4-hydroxyphenyldichloroarsme 
hydrochloride. The affinity of these compounds for the SH groups of 
the enzyme was much greater than the affinity of the enzyme for succinate 
and for malonate (^vith succinate concentration at 5 X 10”^ m). With 
increasing concentrations of succinate, 50 per cent activity was reached 
with 200 X 10“5 u. In the presence of 0.05 m succinate, 125 X 10'^ m 
malonate produced 50 per cent inhibition. 

Of the oxidizing agents used (at equimolecular concentrations) <}-iodoso- 
benzoate was the most powerful inhibitor, porphyrindine came ne.xt, while 
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ferricyanide had a low inhibiting action at this concentration. This ex- 
plains why ferricyanide could be used by Quastel and Wheatley (20) as the 
oxidizing agent of succinate when its oxidation by succinoxidase was per- 
formed in absence of oxygen. 

Of the alkylating agents, iodoacetate has been extensively used, although 
Michaelis and Schubert (21) called attention to the combination of acid 
halides with — ^NH 2 groups. This possibility is usually dismissed as occur- 
ring in enzyme inhibitions, because it is assumed that in neutral solutions 
iodoacetate combines only ^Yith — SH groups. If this assumption is correct, 
once all the — SH groups necessary for activity are covered, say by mercap- 

Table I 

Effect of — 'SH Reagents on Succinoxidase 
from pigeon breast muscle; pH 7.1 (0.033 m POO ; succinate, 0.02 m; 38°; 
of experiments, 20 minutes; QO 2 of a typical preparation, 351 c.mm. For 
•ence the arsenicals are called by their numbers in the te.xt. 


Inhibitor 

Concentration 

Inhibition 


* 

fer cent 

^^’’^boxyphenylarsiue oxide (I) 

4.2 X 10~* 

79.3 

, '^arbamylpheuylaraine ‘‘ (II) 

4.2 X 

80 

p-Arainophenyldichloroaraine hydrochloride (III) 

4.2 X 10 -‘ 


3-Amino-4-hydroxyphenyldicMoroarsine hydro- ’ 
chloride (IV) 

4.2 X 10~® ' 

51.3 

Phenylarsine oxide (V) 

4.2 X 

78.1 

Sodium arsenite 

5 X 10“’ 

15 

Iodoacetamide 

5 X 10“’ 

64 

p-Chloromercuribenzoate 

5 X 10“’ 

73.5 

Iodoacetate 

1 X 10“’ 

42 

Ferricyauide 

5 X 10“* 

28 

o-Iodosobenzoate 

5 X l0-‘ 

Complete 

Porphyrindine 

S X 10“’ 

90 


tide formation, iodoacetate ought to have no action on the enzyme. A 1 - 
tion of a tbiol in concentration sufficient to combine with iodoacetate an^ 
to dissociate the mercaptide ought to produce reactivation of the eaz^mie 
the same extent as reactivation after inhibition with the mercaptide-foiming 
compound above. (GSH does not reverse the combination of the pio ein 

with iodoacetate.) , , . 

To test this assumption, samples of succinoxidase were ^ 

p-chloromercuribenzoate to complete inhibition, by iodoacetate to 
cent inhibition, and by iodoacetamide to 80 per cent inhibition. 
vessels containing enzyme plus p-chloromercuribenzoatc 
10 minutes later iodoacetate and iodoacetamide. At the end ot do 
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the reactivation of the enzyme was performed with glutathione. The en- 
zyme inhibited b}’* p-chloromercuribenzoate alone was 84 per cent reacti- 
vated by glutathione; in the presence of p-chioromercuribenzoate plus 
iodoacetate, there was only 13 per cent reactivation; in the presence of 
iodoacetamide plus p-chloromercuribenzoate the reactivation reached 68 per 
cent. These experiments show that iodoacetate and iodoacetamide may 
produce enzjme inhibition by a mechanism other than combination with 
— SH groups, the first to a large extent, the second to a smaller degree 
(Table II). 

Hopkins et al, (2) on reporting the inhibition produced b}’’ oxidized 
glutathione emphasized that the inhibition was a sioiv process reaching its 
maximum intensity gradually. Such was not the case in the inhibition by 



Fig, 1. Inhibition of succinoxidase by p-chloromercuribenzoate and organic arson- 
icala. Abscissa, concentration of inhibitor, X 10“* m; ordinate, per cent inhibition. 
Curve 1, p-chloromercuiibenzoate; Curve 2, 3-amino-4-hydro\*yphenyldichloroarsme 
hydrochloride. 1 cc. of enzyme; 1 cc. of phosphate buffer, 0.066 ii, pH 7.2; 0.25 cc. of 
0.25 M succinate; total volume, 2.5 cc, 

arsenicals, in which maximum inhibition was attained 6 minutes after addi- 
tion of the arsenical. AVhile the oxidation of — SH groups was a slow proc- 
ess, the formation of thioarsenite was rather quick. 

The very interesting observation of Hopkins et ol. (2) on the protection 
by malonate against inhibition by oxidized glutathione has also been noted 
when arsenicals were used as inhibitors. 7.5 X m Arsenical IV pro- 
duced in these experiments 73 per cent inhibition when added before the 
succinate; 2.5 X 10'"^ m malonate produced an inhibition of 43 per cent. 
When malonate and arsenical were added together, the O 2 uptake was al- 
most the same as when only malonate was present (Table III). Potter and 
DuBois (22) have also repeated these experiments of Hopkins etaL, using 
quinone as inhibitor, and have confirmed this protective action of malonate. 
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Enzymes for Pyruvate Metabolism — It is now recognized that pyruvate, 
the end-product of the first phase of carbohydrate fermentation (23), is 
extremely reactive and undergoes decarboxylation, oxidation, dismutation, 
condensation, and CO 2 fixation. Whether all these reactions are catalyzed 

Table II 

EJfect of lodoaceiaie and lodoacetainidc on Succinoxidase Treated with 
p-Chloromercuribenzoale, Reactivation by Glutathione 
p-Chloromercuribenzoato, 5 X 10~* m; CHjICOOH, 3 X lO'* m; CHJCOONHj, 
6 X 10“® M; succinate 5 X m; buffer, phosphate, 0,03 m, pH 7,2, Succinoxidase 
treated with those reagents either alone or in combination for 35 minutes at 23®. 
Enzyme activity tested at 38®. 


System 

Os uptake In 
30 min. 

Inhibition 

Reactiva* 

tion 




c.mm. 

per cent 

per cent 

Control 



395 



p-Chloromercuribenzoate 



0 

j 

Complete 


CHJCOOH 



54 

86 


CH 2 ICOONH, 



81 

80 


p-Chlororaercuribenzoate 


CHjICOOH 

, 0 

j Complete 


It 

-f 

CHJCOONHi 

0 

It 


Cl 

+ 

GSH, 0.01 M 

333.5 

15.5 

8f.5 

IC 

+ 

CHiICOOH + GSH, 

51 

87 

13 

5.3 X u 






p-Chloromercuribenzoate 


CHiICOONHi + 

250 

32 

68.4 

GSH, 4.7 X 10-» M 







Table III 

Protective Action of Malonate against Arsenical Inhibition of Succinoxidase (Hopkins 

Phenomenon) 


System 

Oi uptake in 
20 min. 

Inhibition 

Succinate, 0.05 m 

c.mtn. 

318.7 

per cent 

and 7.5 X 10"* m Arsenical IV 

85.5 

73.2 

** “ 2.5 X 10"* ** malonate 

179.6 

43.7 

** ** malonate (2.5 X 10~* m) and Arsenical IV 

1 169.7 

1 46.7 

(7.5 X 10"* m) 


— 


by the same enzyme or by different enzymes has not yet been ® ^ 

although there is more evidence in favor of the second assumption, 
search for SH groups among these enzyme systems was made by stu 
the different reactions in which pyruvate is one of the reactants un er 
optimum conditions for each reaction. The — SH nature of pyruva e 
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dose was first suggested by Peters (24), and some evidence in favor of this 
suggestion is found in Barron^s paper on a-ketonoxidase from gonococci 
(25). Pyruvate oxidation was found quite sensitive to atmospheric oxygen, 
and was inliibited by quinone at low concentrations (90 per cent inhibition 
with 3 X 10*^ quinone). Snell and Weissberger (26) 3 years later pre- 
sented evidence for the formation of addition compounds between quinone 
and thiols. 

The effect of sulfhydryl reagents on pyruvate oxidaiion was studied in the 
enzyme present in gonococci, in ground, washed avian liver, and in rat liver 

Table IV 

Effect of — SH Reagents on Pyruvate Oxidaiion 
Experiment I, gonococci suspension in Ringer-PO^ solution j pH 7.4; pyruvate 
concentration, 0.02 m; gas phase, air; 38®. Experiment II, Ringer-PO* solution; pH 
7.4; and diphosphothiamine added; pyruvate concentration, 0.02 u; 

gas phase, air; 38°. Experiment III, Ringer-PO* solution; pH 7.4; gas phase, Oj; 38°. 


Experi- 

ment 

No. 

Source o£ enzyme 

Inhibitor 

Concentration 

Oi uptake 
or pyruvate 
Utilization 
per mg. 

Inhibition 




u 

c.mm. 

per cent 

I 

Gonococci (0* up- 

1 None 


298 ! 



1 take) 

1 Arsenical IV 

1 X 10-* 

18 

94 



! “ I 

1.1 X 10-* 

0 

Complete 

II 

Washed, ground 

None 


220.5 

1 


chicken liver 

Arsenical I 

! 1 X 10-* 

0 

1 Complete 


(0* uptake blank 

p-Chloromer- 

5 X 10~* 

17.2 

92 


subtracted) 

curibenzoate 






Iodoacetamide 

5 X 10'’ 

0 

Complete 

III 

Rat liver slices 

None 


72.6 



(pyruvate utiliza- 

Arsenical III 

5 X 10“* 

18,1 

75 


tion) 






slices. In the first two, O 2 uptake was measured (gonococci take up no 
oxygen in the absence of pyruvate and the residual oxygen uptake of washed 
liver is small) ; in rat liver, the pyruvate utilization was determined. The 
oxidation of pyruvate by gonococci was inhibited completely by Arsenicals 
IV and I; the oxidation by ground chicken liver (prepared as described by 
Barron et al, (27)) was inhibited by Arsenical I, p-chloromercuribenzoate, 
and iodoacetamide. The utilization of pyruvate by rat liver slices was 
inhibited by Arsenical III (75 per cent) (Table IV) . 

The dismutaiion of pyruvate ( 2 CH 3 COCOOH~->CH 3 CHOHCOOH+CIIj- 
C00H4-C02) was studied in minced pigeon liver suspended in Ringer- 
bicarbonate solution, with N 2 -CO 2 as the gas phase. The CO 2 formation 
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Enzymes for Pyruvate Metaholism — It is now recognized that pyruvate, 
the end-product of the first phase of carbohydrate fermentation (23), is 
extremely reactive and undergoes decarboxylation, oxidation, dismutation, 
condensation, and CO 2 fixation. Whether all these reactions are catalyzed 

Table II 

0 / lodoacelaic and lodoacctamidc ou Succinozxdcwe Treated with 
ji-Chloromercuribemoale, Reactivation hy Glutathione 
p-Chloromercuribenzoate, 5 X 10"* m; CH 2 ICOOH, 3 X 10"* m; CHjICOONHt, 
5 X ICT* m; succinate 5 X 10"* m; buffer, phosphate, 0.03 m, pH 72. SuccinoxidssQ 
treated with those reagents either alone or in combination for 35 minutes at 23®. 
Enzyme activity tested at 38®. 


System 

Os uptake in 
30 mm. 

Inhibition 

Reactiva- 

tion 

Control ! 

c,mm, 

395 

per cent 

pa uni 

p-Chloromercuribenzoate 1 

0 1 

Complete 


CH 2 ICOOH 1 

1 

S6 


CHiICOONH, 

81 

SO 


p-Chlororaercuribenzoate -f- CHjICOOH 

0 

Complete 


“ + CH 2 ICOONH 2 

0 

<1 


" -f GSH, 0.01 M 

333.5 

15.5 

81.5 

“ -bCHiICOOH-f GSH, 

5.3 X KT* M 

51 

87 

13 

p-ChloromercuribenzoatG -f CHjICOONHj -h 
GSH, 4.7 X 10"* If 

250 

32 

68.4 


Table III 

Protective Action of ^falonatc against Arsenical Inhibition of Succinoxidase (flophns 

Phenomenon) 


System 

Ot uptake in 
20 min. 

Inhlbiuon 

Succinate, 0.05 m 

» and 7.5 X m Arsenical IV 



“ “ 2.5 X l€r* “ malonate 

179.6 

“ “ malonate (2.5 X 10"* m) and Arsenical IV 

169.7 

(7.5 X 10"^ m) 

' — 

— • 


by the same enzyme or by different enzymes has not yet been esta 
although there is more evidence in favor of the second assumption- , • 
search for — SH groups among these enzyme systems was made ^ ^ ^ 

the different reactions in which pyruvate is one of the reactants un e 
optimum conditions for each reaction. The — SH nature of pyruva 
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dase was first suggested by Peters (24), and some evidence in favor of this 
suggestion is found in Barron’s paper on a-ketonoxidase from gonococci 
(25)* Pyruvate oxidation was found quite sensitive to atmospheric oxygen, 
and was inhibited by quinone at low concentrations (90 per cent inhibition 
with 3 X 10'^ ai quinone). Snell and Weissberger (26) 3 years later pre- 
sented evidence for the formation of addition compounds between quinone 
and thiols. 

The effect of sulfhydryl reagents on pyruvate oxidation was studied in the 
enzyme present in gonococci, in ground, washed avian liver, and in rat liver 

Table IV 

Effect of — EK ReagenU, on Pyruvate Oxidation 
Experiment I, gonococci suspension in Ringer-P04 solution; pH 7.4; pyruvate 
concentration, 0.02 m; gas phase, air; 3S®. Experiment II, Ringer-PO* solution; pH 
7.4; Mg++, Mn"*^, and diphosphothiamine added; pyruvate concentration, 0.02 u; 
gas phase, air; 38®. Experiment III, Ringer-P04 solution; pH 7.4; gas phase, Os; 38®. 


Eipcri- 

mcQt 

No. 

Source o£ enzyme 

Inhibitor 

Couccntration 

Oi upuke 
or pyruvate 
utuuation 
per mg. 

Inhibition 




ii 

c.tnm. 

per cent 

I 

Gonococci (O 2 up- 

None 


298 



take) 

Arsenical IV 

1 X i(r‘ 

18 

94 



I 

1.1 X io-< 

0 

Complete 

II 

Washed, ground 

, None 


220,5 



! chicken liver 

Arsenical I 

1 X 10-* 

0 

Complete 


j (O 2 uptake blank 

p-Chlororaer- 

5 X 10-* 

, 17.2 

92 


subtracted) 

curibenzoate 






Iodoacetamide 

5 X 10-’ 

0 

Complete 

III 

Rat liver slices 

None 


72.6 



(pyruvate utiliza- 

Arsenical III 

5 X io-‘ 

18.1 

75 


tion) 






slices. In the first two, O 2 uptake was measured (gonococci take up no 
Oxygen in the absence of pyruvate and the residual oxj^gen uptake of washed 
liver is small); in rat liver, the pyruvate utilization was determined. The 
oxidation of pyruvate by gonococci was inhibited completely by Arsenicals 
IV and I; the oxidation by ground chicken liver (prepared as described by 
Barron et al (27)) was inhibited by Arsenical I, p-chloromercuribenzoate, 
and iodoacetamide. The utilization of pyruvate by rat liver slices was 
inhibited by Arsenical III (75 per cent) (Table IV) . 

The dismuiation of pyruvate ( 201130000011 —^ 011301101100011 + 0111 - 
COOH+CO 2 ) was studied in minced pigeon liver suspended in Ringer- 
bicarbonate solution, with N 2 -CO 2 as the gas phase. The CO 2 formation 
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and pyruvate utilization were determined manometrically. The inhibiting 
effect of the — SH reagents was not as marked as in pyruvate oxidation. In 
fact , concentrations of arsenicals, p-chloromercuribenzoate, and iodoaceta- 
mide which produced complete inhibition of pyruvate oxidation gave only 
partial inhibition of pyruvate dismutation. However, 1 X 10"® m p-chloro- 
mercuribenzoate and 5 X 10"® m iodoacetamide inhibited this reaction 
completely. The formation of acetoacetate from pyruvate was studied in 
ground pigeon liver in the presence of malonate {IX 10"® m). Arsenical 
III (2 X 10"® m), p'chloromercuribenzoate (1 X 10"® m), and iodoacetamide 
(5 X 10"® m) inhibited completely this pyruvate condensation reaction. 
The forination of acetylmethylcarbinol was studied with the enzyme prepared 
from heart according to Green et al. (28), by determining the CO 2 formation 
manometrically in the presence of pyruvate and acetaldehyde, in N 2 -C 02 
as gas phase. This reaction was inhibited 46 per cent by 1 X 10"® m 
Arsenical IV, 85 per cent by 1 X 10"® m p-chloromercuribenzoate, and 64 
per cent by 5 X 10"® m iodoacetamide. The formation of a-ketoglutaraie 
(CO 2 fixation?) was studied with pigeon liver extract, prepared according to 
Evans and Siotin (29). The enzyme, extracted with NaCl- bicarbonate 
saturated with O 2 -CO 2 (pH 7.4), was incubated with 5 X 10"® m pyruvate 
and 6,6 X 10"® m malonate (O 2 -CO 2 as gas phase). Arsenical I (5 X 10"^ m) 
inhibited the reaction 73 per cent; iodoacetamide (5 X 10"® m), 74 percent; 
maleate (2.5 X 10"® m), 26 per cent. 

J. Meyer, of this laboratory, found (unpublished experiments) that yeast 
carboxylase was inhibited by the — SH reagents iodoacetate, iodoacetamide, 
iodine, CuCU, p~chloromercuribenzoate. He observed, furthermore, that 
the extent of inhibition was greater when the — SH reagent was added to 
carboxylase in the absence of cocarboxylase (alkaline washed yeast), an 
indication that the prosthetic group was attached to the protein at the side 
chains of the — SH groups, and in agreement with Rapkine^s observation on 
phosphoglyceraldehyde oxidase and protection with pyridine nucleotide. 
Further evidence that carboxylase is an — SH enzyme was obtained by inhi- 
bition with Arsenical III (Table V). Greenberg and Rinehart (30) offered 
indirect evidence of the necessity of — SH groups for enzyme activity of 
carboxylase in experiments in which the activity of alkaline washed yeast 
was increased on addition of thiol compounds (glutathione and cysteine). 

a-Ketoghdaraie Oxidase — Krebs and Johnson (31) found that in the pres- 
ence of arsenite minced pigeon breast muscle converts quantitatively citnc 
acid into a-ketoglutaric acid. The experiments presented in Table VI show 
that this inhibition of a-ketoglutarate oxidation by arsenite (in the absence 
of ai^enite, a-ketoglutarate is oxidized by minced pigeon breast muscle) is 
due to a combination with essential — SH groups of the activating 
of the enzyme. The oxidation of a-ketoglutarate by kidney slices m ^ 
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Table V 

Eifcci of — SH Reagents on Enzyme Systems for Pyruvate ^[etaholism 
Experiment I, ground, washed pigeon liver; buffer, NaCl-NaHCOa, pH 7,4; pyru* 
vatc, 0.02 M Mg'*^, and diph6sphothiamine added); gas phase, Nj-COs; 38®. 

Experiment II, ground liver suspended in NaCl-phosphate, pH 7.4; malonate, 0.02 
M; pyruvate, 0.02 m; air as gas phase; 38°. Experiment III, exuyme from pig heart 
suspended in phosphate-bicarbonate, pH 6.0; gas phase, N2-CO2; 38®. Experiment 
IV, enzyme extracted from pigeon liver, suspended in Ca-free bicarbonate-Ringcr’s 
solution, pH 7.4; pyruvate, 0,04 m; malonate, 0.066 m; gas phase, Ot-COa; 38®. Ex- 
periment V, washed brewers' yeast, 30 mg. per vessel; acetate buffer, pH 4.81; 25®. 


£x- 

peri- 

meot 

No. 

Enijme system 

Inhibitor 

Concentration 

Reaction 

expressed as c.mm. 
Oi uptake, 
pyruvate 
utilization, or 
formation of 
acetoacetate and 
a-ketoglutarate 

Inhibition 




it 


per cent 

I 

Pyruvate dismuta- 

None 




1 

tion (anaerobic 

Arsenical III 

5 X 10“ 


35.5 


pyruvate utiliza- 

p-Chloromer- 

5 X 10-* 1 

10.0 

29.0 


tion) 

curi benzoate 






lodoacetamide 

5 X i(r‘ 

12.1 

14.2 



p-Chloromer- 

1 X 10“» 

0 

Complete 



curibenzoate 






lodoacetamide 

5 X 10-’ 

0 

** 

II 

Pyruvate condensa- 

None 


147.4 



tion (acetoacetate 

Arsenical III 

2 X 10-’ 

0 

Complete 


formation) 

p-Chloromer- 

1 X io-» 

0 




curibenzoate 






lodoacetamide 

5 X 10-" 

0 

it 

III 

Pyruvate condensa- 

None 


230.6 



tion (acetylme thyl- 

Arsenical ^V 

1 X 10-’ 

1 124.2 

46 


carbinol forma- 

p-Chloromer- 

1 X 10-’ 

33.7 

S5,4 


tion) determined 

curibenzoate 





by CO2 release 

lodoacetamide 

5 X 10-’ 

82.0 

64.5 

IV 

Pyruvate CO2 fixation 

None 


1785 



(a-ketoglutarate 

Arsenical 

5 X 10-' 

478 

73.2 


formation) 

Maleate 

2.5 X 10"’ 

1320 

26.0 



lodoacetamide 

5 X 10-» 

460 

74.0 

V 

Pyruvate decarboxy- 

None 


115 



lation 

p-Chloromer- 

: X 10-’ 

0 

Complete 



curibenzoate 





Yeast carboxylase* 

lodoacetamide 

5 X 10-’ 

31 

73 


(CO2 formation)* 

lodoacetate 

5 X l0-‘ 

46 

60 



None 


208 




Arsenical III 

1.2 X 10-> 

21.8 

89 


* Values obtained by Mr. J. Meyer in alkaline washed yeast. 
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presence of malonate wa^ inhibited by the three most specific reagents for 
SH group detection, organic ai'senical, p-chloromercuribenzoate, and 
iodoacetamide, 

Malate Oxidase Greeix (32) in his paper on malic dehydrogenase reports 
that 38 per cent of the activity of malate oxidase was lost on treatment with 
0.03 M iodoacetate, and that 0.03 m arsenite (“arsenious acid”) and 0.03 M 
maleate had no effect. Evidence that the activating protein of this enzyme 
nf enzymes is ^vea in Tsb}e YIL The eeiire- 

ting protein (dehydrogenase) of malate oxidase, prepared according to Green, 
was treated with organic arsenical, p-chloromercuribenzoate, and iodoaceta- 
mide, enzyme activity being measured by the O 2 uptake in the presence of 
diphosphopyridine nucleotide and semicarbazide. (Sufficient amounts of 
alloxazine dinucleotide aud cytochrome-cytochrome oxidase exist in the 

Table VI 

Inhibition of ct^KeiogluiaratG Oxidase by — SH Reagents 
Rat kidney slices in Ringej-.phosphate solution containing 0.02 m malonate. The 
inhibitors were left in contact with the tissue for 20 minutes previous to addition of 
a-ketoglutarate. a-Ketoglutarate, 0.01 m. The figures are given in c.mm. per mg. 
of dry tissue in 2 hours. 


Inhibitor 

Oi uptake 

Inhibi- 

tion 

o-Ketoglutarate 

utilization 

Control 

Inhibi'. 

tor 

Control 

Inhibi- 

tor 

Arsenical V, 1 X 10"* m 
p-Chloromercuribenzoate, 2.5 x 10”* m 
Iodoacetamide, 2.0 X 10”* ^ 



m 

c,nm. 

78.2 

c.mm. 

1.3 


enzyme suspension to allow a steady O 2 uptake.) p-Chloromercuribenzo- 
ate at a concentration of !2 X m inhibited completely the O 2 uptake; 
the same concentration of Arsenical V produced an inhibition of 51 per cent, 
while 3 X 10*"® m iodoacetamide had no effect at all. The — SH groups of 
this enzyme, so readily destroyed by Hellerman^s reagent, resisted some- 
what the action of arsenicjals and w’ere not acted upon by iodoacetamide 
(Table VII). 

Alcohol Oxidase — In 1935 Wagner-Jauregg and Moller (9) found that 
CuSOi inhibited alcohol o:udase, the inhibition being reversed by glutathi- 
one. This observation added to that of DLxon (10) of inhibition by iodoace- 
tate indicates that the en^jyme is an — SH protein. Further evidence in 
support of this contention is given in Fig. 2. The activating protein 0 
alcohol oxidase, prepared according to Negelein and Wulff (33), was m- 
hibited completely by 5 X 10*"^ m p-carboxyphenylarsine oxide and partially 
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by 2.5 X In contrast to this powerful inhibition, 5 X 10'“* m 

arsenite had very little effect on the rate of reduction of diphosphopyridine 
nucleotide, 

Lutwak-Mann (34) made the interesting discovery that while yeast 
alcohol dehydrogenase was readily inhibited by iodoacetate, liver alcohol 
dehydrogenase was not affected by this reagent. Lutwak-Mann^s findings 
were confirmed by studying the rate of reduction of diphosphopyridine 
nucleotide by alcohol, activated by liver alcohol dehydrogenase (in the 
presence of 1 X 10*“^ ai semicarbazide to bind the acetaldehyde formed 
during the oxidation of alcohol). The rate was unaffected by the addition 
of organic arsenicals, p-'chloromercuribenzoate, and iodoacetamide. The 
inhibition of yeast alcohol oxidase by — SH reagents and the ineffectiveness 
on liver alcohol oxidase show that, while the protein of the alcohol oxidase 

Table VII 

Inhibition of Malate Oxidation by — SH -Combining Substances 


Enzyme from pigeon heart, 3.0 cc.; malate, 1 m, 0.3 cc.; semicarbazide, 0.1 m, 0.5 
cc.; diphosphopyridine nucleotide (0.2 per cent), 0,5 cc.; 0.1 m phosphate, pH 7.4, 
enough to make 4.95 cc. ; gas phase, air; 38°. The blank gave no Oi uptake. 


! 

Inhibitor 

1 

Concentration 

1 Oa uptake 

Inhibition 

Control 

Inhibitor 


u 

£ mm. 

c.ntm. 

per cent 

Arsenical I ! 

5 X 10-* 

105.2 

32.1 

69.5 

« V 

2 X 10-< 

85.2 

41.8 

51.0 

p-Chloromercuribenzoate j 

2 X 10-‘ 

85.2 

0 

Complete 

Iodoacetamide | 

3 X 10-’ 

! 109.0 

109.4 

None 


from yeast required — SH groups for enzyme activity, the protein of the 
same enzyme from liver needs no — SH groups. 

Effect of — SH Reagents on Other Protein Components of Oxidation Enzymes 
— ^It is known that most of the oxidation enzymes which take part in carbo- 
hydrate metabolism are complex systems made up of an activating protein 
(dehydrogenase) with which a prosthetic group might be combined, and 
oxidation-reduction systems (flavins, iron porphyrins) united to proteins. 
Thiol groups essential for enzyme activity, reported previously and those 
reported in this paper, have been found exclusively in activating proteins. 
The activity of c 3 rtochrome oxidase, as determined by the rate of oxidation 
of reduced cytochrome c was completely unaffected by p-chloromercuriben- 
zoate, arsenicals, and iodoacetamide. The activity of heart fiavoprotein 
(flavin dinucleotide) as tested with the activating protein of lactate oxidase, 
diphosphopyridine nucleotide, and methylene blue was also found ua- 
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affected on addition, of the same reagents. The activity of catalase was 
also unaffected by the addition of — SH reagents. 

Furthermore, enzymes of less complex composition (metalloproteins) 
were also found to require no — SH groups for enzyme activity. Among 
these enzymes, uricase, polyphenol oxidase, carbonic anhydrase, and 
phosphatases were not affected by the addition of ~SH reagents. 

Lactic and isocitric dehydrogenases were also found not to be affected in 
their activity on addition of — SH reagents. The first enz3mie .was prepared 
from heart, the rate of diphosphopyridine nucleotide reduction being meas- 



Fig. 2. The inhibition of yeast alcohol oxidase (activating protein) by organic 
arsenicals. 0.1 cc. of activating protein (20 y of enzyme of 28 per cent purity) ; 2 mg, 
of diphosphopyridine nucleotide of 40 per cent purity; 0.003 m semicarbazide; pyro- 
phosphate buffer, 0.03 m, pH 7.9; total volume, 4 cc. .i?, extinction coefficient at 3450 
A (ordinate) ; abscissa, time in minutes. Curve 1, control; Curve 2, 5 X lO’* ^ 
sodium arsenite; Curve 3, 2.5 X 10™^ M p-carboxyphenylarsine oxide; Curve 4, 5 X 
10"* M p-carboxyphenylarsine oxide. 

ured. The second enzyme was prepared from liver; here the rate of meth- 
ylene blue reduction was the measure of enzyme^ activity ^vith citrate as 
substrate. 

Reactivation of — SH Enzymes — When the — SH groups of the 
enzymes are rendered inactive either by oxidation or mercaptide formation, 
they may under certain conditions be regenerated mth complete reactiva- 
tion of enzyme activity by the addition of reducing agents (ascorbic aci , 
HoS, cyanide) or mercaptide-foiming substances (thiols). In this last case 
the degree of reactivation is determined, among other factors, by ^ 
affinity of the enzyme and of the thiol to the mercaptide-forming in^ i 
(dissociation constants of the respective mercaptides). Inhibitor and reac- 
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tivator compete for the — SH groups. If the competitor has greater affinity 
for the mhibitor than the enzyme, or is used in large concentrations, 
reactivation of the en 23 nme will result. ^ 

Reactivation of the — SH enzymes described in this paper was attempted 
with either glutathione or cysteine in concentrations about 10 times that of 
the SH inhibitor. As a rule the thiol compounds were added 10 minutes 
after addition of the inhibitor, time sufficient to produce maximum inhibi- 
tion of the enzyme system. In every case blanks were run with enzyme 
plus thiol. Succinoxidase, inhibited by organic arsenicals or quinone, was 
completely reactivated on addition of glutathione (50 times the concentra- 
tion of the inhibitor) (Table VIII). This reactivation produced by gluta- 
thione was instantaneous and in no way connected with its oxidation by 
metal catalysts in the enzyme, since the enzyme suspension showed no 
appreciable O 2 uptake on addition of glutathione without succinate during 
the course of the axperiments (20 minutes). 

Emytnes for Pijruvate MetaJbolimi — Before the — SH nature of pyruvate 
oxidase was demonstrated, it was found that pyruvate oxidation and pyru- 
vate condensation by washed pigeon liver were considerably increased on 
addition of glutathione (35). Undoubtedly, during the process of grinding 
and washing, the — SH groups of the enzyme were partially oxidized either 
by atmospheric oxygen or heavy metal impurities. The oxidation of pyru- 
vate by gonococci, 94 per cent inhibited by Amenical IV (1 X m), was 
reactivated 15 per cent on addition of glutathione (Table VHI). When the 
arsenical concentration was diminished so as to produce only partial inhi- 
bition (40 per cent), the reactivation by glutathione increased to 77 per cent. 
The oxidation of pyruvate by ground washed chicken hver, inhibited by 
p-chloromercuribenzoate, was partially reactivated by glutathione (39 per 
cent reactivation). The oxidation of pyruvate by rat liver slices, inhibited 
by Arsenical III (75 per cent inhibition), was reactivated by glutathione 
(97 per cent), with a concentration 10 times that of the arsenical. The 
inhibition of yeast carboxylase by Arsenical III was abolished on addition 
of cysteine and H 2 S (8 times the inhibitor concentration); the inhibition 
produced by p-chloromercuribenzoate was abolished on addition of gluta- 
thione. Similar reactivation of the — SH enzymes for pyruvate condensa- 
tion (acetoacetate synthesis, acetylmethylcarbinol foimation) was observed 
on addition of glutathione, about 10 times the concentration of the inhibi- 
tor. Pyruvate dismutation was only partially reactivated even when the 
inhibitor concentration was lowered so as to give only 35 per cent inhibition. 
There were technical difficulties when reactivation of a-ketoglutarate forma- 
tion was attempted, because the determination of a-ketoglutarate (oxidized 
to succinate) was perfoimed with the aid of succinoxidase. When the 
succinate was extracted with ether, there appeared to be also extraction of 
the suifhydryl inhibitor. 



Table VIII 

Reactivation of — SH Enzymes Inhibited by Mercaplidc^Forming Substances 
The conditions of the experiments were similar to those described in the preceding tables. 
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Malate oxidase inhibited by Arsenical I was reactivated by glutathione at 
a concentration 10 times that of the inhibitor. It has been shown that 
adenosinetriphosphatase (myosin) is an — SH enzyme (36). This enzyme 
inhibited by p-chloromercuribenzoate was completely reactivated on ad- 
dition of glutathione (Table YIII). 

The — SH groups are essential not only for the enz3nnatic activity, but 
also for the stability of the protein. When the sulfhydryl groups have been 
destroyed by oxidation or mercaptide formation, complete reactivation of 
the enzyme is possible only within certain time limits, beyond which the 
protein loses enzyme activity irreversibly. This must be the reason for the 
partial reactivations. Succinoxidase, for example, completely inhibited by 
p-chloromercuribenzoate, was completely reactivated by glutathione when 
the latter was added 10 to 15 minutes after the mercurial; 85 per cent re- 
activated when added 30 minutes after the inhibitor; 70 per cent reactivated 
when added 60 minutes later. 

DISCUSSION 

It is known that the — SH groups of amino acids possess a certain resist- 
ance to the action of mild oxidizing agents, possibly because of the formation 
upon oxidation of the — S — S — bond. In the protein molecule this resist- 
ance may be increased by a variety of factors: the position of the — SH 
groups with respect to each other, a physical factor which affects not only 
the rate of oxidation but also the possibility of oxidation; the electronega- 
tivity values of the groups neighboring the — SH groups; steric hindrances 
of various sorts. In some instances the — SH groups are so situated that 
these factors contribute to the loosening of the — SH bond, ready oxidation 
being the consequence. In other cases these factors add up to the tighten- 
ing of the bond and make oxidation impossible unless by rupture of some H 
bonds in the protein molecule (denaturation) the hindering factors have 
been abolished. For convenience we may then divide the protein SH 
groups into two types, freely reactive — SH groups^ which are oxidized and 
give the nitroprusside test when, the protein is in the native state, and 
sluggish — SH groups^ which are not oxidized and do not give the nitroprus- 
side test except after denaturation of the protein. 

In general, the oxidizing agents usually employed for the titration of these 

SH groups (ferricyanide, porphyrindine) react only with those present in 
the native protein ; sometimes even some of these — SH groups fail to react. 
The alkylating agents react with the — SH groups as second order reactions 
(Hellstrom (37)), and large concentrations are required for complete reac- 
tion; they react also with — NHg groups, especially iodoacetate. Themer- 
oaptide-forming compounds seem to possess a greater affinity for -^H 
gJ^oups, aa^hey attack those that have been left untouched by the oxidizing 
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agents* The affinity of these sulfhydryl groups for the — SH reagents 
varies from protein to protein, depending among other factors on their 
position in the molecule and their degree of dissociation. In some instances 
only certain — SH groups are essential for enzyme activity, as Hellerraan 
found in urease. It is essential to have these facts in mind when detecting 
— SH enzymes; otherwise erroneous conclusions may be reached. Re- 
agents must be selected that do not produce protein denaturation and that 
react with all types of — SH groups; in the case of mercaptide formation 
reactivations must be produced. It is only when various selected reagents 
have produced enzyma inhibition that satisfactory conclusions can be 
reached. 

The oxidizing agents so widely used for the titration of — SH groups in 
proteins have proved to be less effective in detecting — SH enzymes. They 
oxidize the — SH groups to the disulfide, 


SH 


Protein 4- oxidant'*'^ 

\ 

SH 


S 


/ 

protein 

\ 


s 


4 - reductant + 


thus requiring the presence of — SH groups close enough for bond formation. 
There may be native protein molecules in which, due to the particular ster- 
eochemical structure, the individual — SH groups are not sufficiently close 
together to form an S — S bond. In these cases oxidizing agents might be 
ineffective in detecting — SH groups. For example, ferricyanide, used by 
Anson (38) and by Mirsky (39) for the titration of — groups in proteins, 
has no effect on the enzymatic activity of urease (Hellerman (5)) and of 
choline oxidase, enzymes requiring the presence of — SH groups for activity , 
and has weak inhibitory action on succinoxidase. Porphyrindine, the 
reagent used by Greenstein (40), has no effect on the activity of papain, an. 
— SH enzyme (41). 

lodoacetate has been considered a valuable and almost specific reagen 
for the detection of — SH enzymes. When acting on proteins it is assume 
that it reacts by substitution of the H of — SH by the carboxymethyl 
protein--SH -f CH JCOOH = protein—SCHoCOOH + HI (Rapkine {42}, 
Dickens (43)). Under certain conditions this alkylation of — SH groups is 
more rapid than that of amino groups but reaction with — SH groups 0 
not preclude reaction with — NH 2 groups, as has been shown in expermmn ^ 
in which p-chloromercuribenzoate and iodoacetate were added toget er ^ 
succinoxidase. IHoreover, Smythe (44) has shown the great 
the rate of interaction of iodoacetate with even simple alkyl ^ 

Even iodoacetamide (a better — SH reagent in this group) is a poor reag 
for the detection of SH groups because of the irregularity of 1 s 
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(It does not react the — SH groups of egg albumin at pH 7.3 (Rosner 
(45)), while it abolishes 40 per cent of them at pH 9 (Anson (46).) Similar 
variations are found when iodoacetamide is used for detecting — SH en- 
zymes, At a concentration 3 times higher than that required for aboUtion 
of the active — SH groups of urease, iodoacetamide had no effect on the 
enzjTne activity (Hellerman et al. (1)). It had no effect on the enzyme ac- 
tmty of malate oxidase or of adenosinetriphosphatase, both enzymes 
requiring essential — SH groups. 

The third group of reagents consists of those which form addition com- 
pounds. The trivalent organic arsenicals used in the experiments reported 
here belong to this group. They combine reversibly Avith — SH groups 
(Voegtlin, Dyer, and Leonard (47), Cohen, I^g, and Strangeways (48)), 

SR' 

/ 

R— As=0 + 2R'— SH?=iRA3 + H-O 

\ 

SR' 

giving compounds which readily dissociate on increase of the pH value of 
the solution, or w’hen the pH is kept constant, on addition of another thiol 
compound possessing greater affinity for the arsenical. They do not react 
with, the — SH groups of native egg albumin but combine with them on 
denaturation (Rosenthal (49)). They were used first as enzyme inhibitors 
by Bersin (50). The organic arsenicals are powerful tools in the quest for 
— SH groups in enzymes not only because they form reversible thioarsenites 
but also because their power to link with — SH groups approaches that of 
Hellerman's p-chloromercuribenzoate. 

From the effect of the inhibitors on the enzjme systems reported here, a 
rough classification could be made of the — SH reagents: (1) mild oxidizmg 
agents (ferricyanide, porphyrindine, 2 , 6-dichlorophenol indophenol) v» hich 
act only on those — SH groups close enough to allow S S formation; (2) 
certain alkjdating reagents (iodoacetamide), which, though combining vdth 
more — SH groups than the former, leave some unattacked; (3) reagents 
like arsenicals and p-chloromercuribenzoate which combine with all the 
available — SH groups in the native protein. Of all the enzjme systems 
studied, pymvate oxidase and the enzyme for pj’Tuvate condensation 
toacetate formation) were the most sensitive to the action of enzjme ii^bi- 
tors; in fact, aU three classes of reagents produced enz 3 me inffibition. 
Succinoxidase and most of the other — SH enzjTnes are not significantl^r 
inhibited by low concentrations of ferric^^anide; they are inhibited by the 
second and third class of — SH reagents. Finally urease is not inhibited by 
mild oxidizing agents or arsenicals; the active sulfhydiyl groups are abol- 
ished only by the powerful — SH reagent, p-chloromercuribenzoate. These 
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examples show that a step by step abolition of the — SH groups of proteins 
can be accomplished by the use of reagents possessing different afiimties 
for these groups. 

The experiments presented here, as ^Yell as those found in the literature, 
demonstrate that the presence of — SH groups is essential for the activity 
of a large number of enzymes concerned with the metabolism of carbohy- 
drate. In the first phase of fermentation (glycogen to pyruvate) the follow- 
ing enzymes are — SH enzymes; muscle phosphorylase, phosphoglucomu- 
tase, hexokinase, phosphoglyceraldehyde oxidase. In the second phase of 
fermentation (pyruvate to lactate or pyruvate to acetaldehyde + COdi 
the enzyme leading to alcohol feimentation, carboxylase, is an — SH en- 
zyme, while the enzyme leading to lactate formation is not. In the oxidative 
phase of carbohydrate metabolism there is some evidence for considering 
hexose monophosphate oxidase an — SH enzyme, the evidence being in- 
hibition by CuCla and iodoacetate (reported by von Euler and Adler). 
Evidence has been presented here that pyruvate oxidation, pyruvate con- 
densation, malate oxidation, and a-ketoglutarate oxidation require —SH 
enzymes. Succinate oxidation and yeast alcohol oxidation also require 
— SH enzymes. Among the phosphorylases which take part in the trans- 
phosphorylations necessary for the continuous fermentative and o.xidative 
processes, the following are — SH enzymes: adenosinetriphosphatase 
(myosin) and myokinase. In short, so many steps in the the series of reac- 
tions occurring during carbohydrate metabolism require — SH enzymes, 
that it may be concluded that sulfliydryl enzymes occupy an important 
.place in the breakdown and synthesis of glycogen. 

SUMMARY 

Reagents used for the detection of essential — SH groups in enzymes Iiave 
been classified according to their affinity for these groups. Among t e 
enzymes taking part in carbohydrate metabolism the folIo^Ying were in- 
hibited by the — SH reagents; pyruvate oxidase, carboxylase, a-ketogluta 
rate oxidase, malate oxidase, adenosinetriphosphatase (myosin), an e 
enzymes for pyruvate condensation. Enzymes not inhibited by the ^ 
reagents were lactate oxidase, isocitrate oxidase, acid phosphatase, car o 
anhydrase, polyphenol oxidase, and catalase. Essential SH groups nere 
found only in the activating proteins (the proteins which com i 

the substrate). Cytochrome oxidase and flavoproteins were not i 
by — SH reagents. 

We express our thanks to Dr. L. Hellerman and to Dr. Harry 
generously supplying us with the pure samples of p-chloromercun e 
acid and organic arsenicals used throughout this work. 
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The large number of enzyme systems concerned with carbohydrate 
metabolism which require the presence of — SH groups in the molecule of 
the activating protein (dehydrogenase) made it imperative to determine 
whether the presence of these same groups was required in the case of 
enzymes concerned with the metabolism of fats and proteins. Very little 
is known regarding the necessity of — SPI groups for the activity of fat 
oxidation enzymes. Green and coworkers (1) reported that ^-hydroxy- 
butyric dehydrogenase is inhibited by 0.03 m iodoacetate and arsenite, 
both — SH reagents of doubtful value. According to Yosii (2), an enzyme 
in adipose tissue responsible for the oxidation of higher fatty acids is in- 
hibited by heavy metals (Ag, Cu, Hg), an indication that the enzyme might 
require — SH groups. The water-soluble enzyme extracted from liver by 
Konrad-Lang (3), which oxidizes stearate and palmitate, was not inhibited 
by iodoacetate. Much work has been done, however, on enzymes con- 
cerned with protein metabolism. Suffice it to recall that Perlzweig s dis- 
covery (4) of — SH groups in urease initiated the extensive experimental 
work on the detection of essential — SH groups in hydrolytic and proteolytic 
enzymes. Very little information is available on the necessity of SH 
groups in other enzymes concerned with protein metabolism, the oxidation 
of amino acids, and transamination. Friedenwald and Hernnann (5) 
have demonstrated that amine oxidase is a sulfhydryl enzyme. We had 
reached the same conclusion in experiments performed previously to 
Friedenwald^s report. 

In this paper we present the results of a systematic investigation of t le 
necessity of — SH groups for the activity of some enzymes concerned with 
the metabolism of fats and proteins. From these studies, and from those 
previously reported, it may be concluded that the presence of SH groups 
in the protein component of a large number of enzymes is essential or 
activity. 

The great lability of many of these — SH groups (as shown by the dif- 
ficulty of preparing many of the — SH enzymes unless a reducing substance 
is present), the restoration of enz 3 mie activity on addition of glutathione, 
and the almost universal presence of this tripeptide as an intracei u ar 
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constituent make plausible the suggestion that one of the functions of 
glutathione is that of maintaining the great number of the — SH enzymes 
at optimum activity* Glutathione would then be necessary for the metab- 
olism of all foodstuffs (carbohydrates, fats, proteins), since many of the 
reactions of the metabolic cycle are catalyzed by — SH enzymes. 

Sulfhydryl Enzymes in Fat Metabolism 

There is, it seems, no field of enzymology more lacking in Information 
than that of enzymes concerned with the metabolism of fats. Enzymes 
from liver or from bacteria oxidize saturated, high molecular weight fatty 
acids to the corresponding unsaturated fatty acids; some enzymes from 
plants and bacteria readily oxidize certain unsaturated fatty acids; and 
a number of bacteria readily oxidize saturated lower fatty acids. However, 
the components of the enzyme systems as well as the mechanisms of enzyme 
action are still unknown. 

Stearate Oxidase — The enzyme for the oxidation of stearate was tested in 
the aqueous extmct obtained according to the method of Konrad-Lang 
(3), and in suspensions of washed Bacillus coli. 

The liver extract of Konrad-Lang produces activation of stearate in the 
presence of added adenosine triphosphate ; a reversible dye must be used 
as the oxidizing agent. The time of methylene blue reduction was ob- 
served in Thunberg tubes kept in a vacuum at 38°. Complete reduction 
occurred in the control tubes in 11 minutes. In the presence of 1 X 10^ 
M p'chloromercuribenzoate the activity of the enzyme was completely lost; 
with 1 X 10“^ M iodoacetate the reduction time was 14 minutes; with 1 
X 10~^ M p-hydroxyphenylarsine oxide 75 per cent reduction occurred in 
70 minutes. Since the dye reduction proceeds as a first order reaction, 
degree of inhibition was calculated from the reduction time (Table 

Washed suspensions of Bacillus coli oxidize stearate and oleate (6). ^ 

oxidation of stearate was completely inhibited by 5 X 10"^ m p-cWoro- 
mercuribenzoate; 1 X 10^^ m p-carboxyphenylarsine oxide produced 
inhibition of 77 per cent; 1 X 10"^ m iodoacetate inhibited by 47 per ; 
and 2 X 10~^ m. iodoacetamide gave an inhibition of SO per cent. ® 

oxidation of oleate was also inhibited by all these reagents^ to ^ 

same extent as the inhibition of stearate; alloxan (1 X 10'“ ^ 

by 33 per cent (Table II). 

The oxidation of oleic acid by an enzyme extracted from peanu 
not affected by any of the — SH reagents tested. . 

Acetate Oxidation — The oxidation of acetic acid by yeast ^ 

according to Lynen (7), by a condensation of acetate with 
formation of isocitric acid. The oxidation of isocitric aci^ wo 
a-ketoglutaric acid which in turn would be oxidized to succmic aci 
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tate would thus enter the Ci-dicarboxylic acids series of catalysts. The 
o.xidation of acetate by washed bakers’ yeast was completely inhibited 

Table I 

Ejfcct of — Sfl KeagenU on Stearate Dehydrogenase from Rat Liver 


Enzyme, 1 cc. of dialyzed rat liver extract 1 cc. of 10"* m sodium stearate + 0.25 
cc. of phosphate buffer, 0.1 m, pH 7.4, containing 50 y of adenosine triphosphate. 
Methylene blue, 0.15 cc. of 1:5000 solution. 


1 

Inhibitor 

Concentration of 
inhibitor 

1 Reduction 

Inhibition 


if 

per cent j 

mirt. 

per cent 

Blank 



00 


None 


100 

11 


p-Chloromercuribenzoate 

1 X 10-< 

100 

00 

Complete 

lodoacetate 

1 X 10-» 

100 

14 

11 

p-Carboxyphenylarsine oxide 

1 X 10-> 

75 

70 

78 


Table II 

Inhibition of Fatty Acid Oxidation by Bacillus coli communis 


2.2 cc. of twice washed bacteria suspended in 0.04 M Ringer-phosphate solution, 
pH 7.4; substrate, 1 cc. of 1 X 10“* M sodium salt; buffer, 0.05 M phosphate, pH 7.4, 
to 4 cc,; 38®; gas phase, air; duration of experiments, 40 minutes. 


Inhibitor 

Concentration of 
inhibitor 

Substrate 

Oi consump- 
tion (blank 
subtracted) 

Inhibition 


u 


c.mm. 

Per cent 

None i 


Stearate 

46.8 


p-Carboxyphenylarsine oxide 1 

1 X 10-» 

(( 

10.6 

77.4 

None 1 


Oleate i 

57.4 , 


p-Carboxyphenylarsine oxide | 

1 X 10-> 


15.6 

72.9 

None j 


Stearate 

55.0 


p-Chloromercuri benzoate 

5 X 10-» 

tt 

0 

100 

None 


Oleate 

70.8 


p-Chloromercuribenzoate 

5 X i(r» 

tt 

0 

100 

None 


Stearate 

59.5 


lodoacetate 

1 X lo** 

1 K 

31.4 

47.3 

lodoacetamide 

2 X 10-^ 

tt 

11.8 

S0.2 

None 


Oleate 

85.5 


lodoacetate 

1 X 10-» 

' 

! 49.2 

1 42.5 

lodoacetamide 

2 X i(r* 

tt 

15.8 

81.5 

None 


ft 

72.9 


Alloxan 

' 1 X 10^ 

tt 

48.5 

33.5 


by p-chloromercuribenzoate (1.5 X 10“^ m) and by p-carboxyphenylai^e 
oxide (2 X 10“^ m). Since the oxidation of isocitric acid is not inhibi^ 
by these substances, it may be concluded that the condensation reaction 
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of acetate with oxalacetate, first phase of acetate oxidation, requires an 
— SH enzyme. 

Coryiiehacteriwn creaiviovorans strain NC, the soil bacteria discovered 
by Dubos and Miller (8), increases its ability to oxidize^ acetate when grown 
in a medium containing acetate as the sole source of carbon. The oxida- 
tion of acetate by these bacteria was completely inhibited by p-chloro- 
mercuribenzoate (5 X 10“*^ m), 94 per cent by iodoacetamide (5 X 10'"* m), 
and 98 per cent by 3-amino-4-hydroxyphenyldichloroarsine hydrochloride 

Table III 

Effect of — SH Reagents on Acetate Oxidation by Bakers* Yeastt ond by Corynebacterium 

creatinovorans 

0.3 cc. of washed bakers* yeasfc (7.2 mg, dry weight) suspended in water; 1.0 cc. of 
0.2 M PO 4 , pH 6.8; 0.3 cc. of 0.1 m sodium acetate; inhibitors and water to 3.0 cc.; 38®; 
gas phase, air; duration of experiments, 60 minutes. The — SH reagents were left 
in contact with the yeast for 10 minutes before the glutathione was added. Appro- 
priate blanks were subtracted. The Corynebacterium creatinovorans was grown on 
acetate broth. 1 cc. of washed bacteria was used per vessel. Buffer, 0.02 m phos- 
phate, pH 7.4; substrate, 0.01 m acetate; 38®; duration of experiments, 30 minutes. 


Inhibitor and reactivator 

Oxygen consumption 

Inhibition 

Control 

Inhibitor 



c.mtn. 


percent 

1. Bakers* yeast ' 

1 


Complete 

p-Chloromercuriberuoate, 1.5 X 10“* m 

207 

0 

“ 1X10-«M 

203.3 

73.4 

61 

p-Carboxyphenylarsine oxide, 2 X 10'* M 

207 

5.9 

97 

u “ 5 X 10'* “ 

203.8 

160.3 

21 

2. Corynebacterium creatinovorans 



Complete 

p-Chlororaercuribenzoate, 5 X 10'* m 

186.0 

0 

3-Amino-4-hydroxyphenyldichloroarsine 

195.4 

4.4 

98.5 

hydrochloride, 2 X 10'* at 



93.7 

Iodoacetamide, 5 X 10'* ar 

186.0 

11.8 


(Table III). If oxidation of acetate by these bacteria follows the same 
path as in yeast, these experiments would be confirmatoiy of those w 1 

yeast. , . 

fi-Hydroxyhutyrate Dehydrogenase — It was shown by Green ^ 
j8-hydroxybutyrate dehydrogenase is inhibited by iodoacetate and ai^eni e, 
an indication that the enzyme requires — SH groups for activity. » 
agreement with this assumption we found a complete inhibition 0 
oxidation by p-chloromercuribenzoate (5 X 10“^ ai) and 
phenylarsine oxide (5 X lO** m), and a large inhibition produced ° 
etamide (72 per cent with 5X10“’ m iodoacetamide) (Table IV). ia 
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experiments the oxidation of j9-hydro\ybutyrate was measured by the O 2 
uptake in the presence of diphosphopyridine nucleotide. The preparation 
contained the flavin dinucleotide and cytochrome system necessary for 
electron transfer to molecular oxygen. 

Pancrealic Lipase — In an extensive study of various enzyme inhibitors 
on the hydrolysis of tripropionin by pancreatic lipase, Weinstein and Wynne 
(9) found that heavy metals (Cu"^, Fe'*’'^, and the acid halides, 

chloro-, bromo-, and iodoacetic acids, inhibited the enzyme; on the other 
hand KCN, NasSaO^, cysteine, and thiogly colic acid activated it. Since 
acid halides combine with both — SH and — NPI 2 groups at H+ ion concen- 
trations at which the experiments were conducted (10), these authors left 
unanswered the mechanism of inhibition. The experiments reported in 

Table IV 

Inhibition of ^-Hydroxybutyraie Oxidase by — SH Reagents 


Enzyme, prepared according to Green (1), 3 cc ; substrate, 3 3 X 10"^ M sodium 
^-hydroxybutyratc ; buffer, pyrophosphate, pH 7 4; 0 3 cc. of 0.5 per cent diphos- 
phopyridine nucleotide; 38°; duration of experiments, 25 minutes 


Inhibitor 

Concentration of 
inhibitor I 

Oj uptake , 

Inhibition 

Kone 

a 

c mm. 

76 3 

per cent 

p-Chloromercuribenzoate 



Complete 

p-Carboxyphenylarsine oxide 
None 

5 X IQr* 



lodoacetamide 

5 X 10-* 

1 18.6 

72 


Table V were performed at pH 7.4. p-Chloromercuribenzoate (1 X 10“^ 
m) inhibited the enzyme by 38 per cent; p-aminophenyldichloroarsine hy- 
drochloride (1 X 10 *"® m) inhibited 62 per cent; and 3-amino-4-hydroxyphen- 
yldichloroarsine hydrochloride (1 X 10“^ m) produced an inhibition of 52 
per cent. lodoacetamide (5 X 10“^ m) had no effect at all. 

Sulfhydryl Enzymes in Protein Metabolism 

Hellerman (11) and Bersin (12) have dealt extensively with the SH 
enzymes of hydrolytic and proteolytic types belonging to this group. Al- 
most no work haS been done with the enzymes concerned with oxidation 
and tiansamination reactions. 

d- Amino acid oxidase as prepared according to Krebs (13) oxidizes alanine 
quantitatively to pyruvic acid, because the H 2 O 2 formed during the reaction 
is destroyed as soon as formed by the catalase present in the kidney ex- 
tract. The enzyme purified by Warburg and Christian (14) contains no 
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Table V 

EjJ'cci of — SH Reagents on Pancreatic Lipase 
Experimeat 1, 2 cc. o£ enzyme containing 75 mg. of pancreatinj substrate, 4 cc. of 
cottonseed oil; buffer, 10 cc. of 0.5 m phosphate, pH 7.5; diluted with water to a final 
volume of 20 cc. .{Uter 3 hours shaking at room temperature, alcohol was added to 
stop the reaction. Titration with NaOH to phenolphthalein. Experiment II, 2 cc. 
of enzyme containing 100 mg, of pancreatin; substrate, 2 cc. of cottonseed oil; 0,003 
M phosphate added to a final volume of 5 cc. Duration of experiment, 20 houis. 
Experiment III, 2 cc. of enzyme containing 100 mg, of pancreatin, in 0,005 ii phos- 
phate, pH 7.5; substrate, 2 cc. of corn oil; final volume, 5 cc.; duration of experiment, 
6 hours. 


Experinient j 
^0. ' 

Inhibitor 

ConcenUatioo 
of inhibitor 

Fatty acid 
liberated 

Inhibition 



n 

micTomolts 

per ant 

I 

None ! 


5220 ' 



p-Chloromercuribenzoate 

1 X io-» 

3250 

38 


lodoacetamide 

5 X 

5160 

0 

II 

None 


1 2020 ■ 

1 


p-Aminophenyldichloroarsine hy- 

1 X io-» 

1 760 

62 


drochloride 




ni 

None 


1 702 



3-Amino-4-hydroxyphenyldichloro- 

1 X io-» 

339 

51.7 


arsine hydrochloride 





Table VI 

Effect of — SH Reagents on d^Amvio Acid Oxidase 
E.xperiment 1, 1 cc. of rat kidney extract in 2 X 10~* m pyrophosphate, pH 8.3, 4- 
0.05 M pyrophosphate to 3 cc.; alanine concentration, 1.7 X 10“*“ m (blank values 
subtracted); time, 30 minutes. Experiment II, at the end of 30 minutes, 0,3 cc. of 
3 M acetate buffer, pH 4.81, was added and pyruvate was determined ^*ith yeast 
carboxylase. Experiment III, 2 cc. of enzyme in 0,05 m pyrophosphate, pH 7,9 , 
HiO to 3 cc,; time, 30 rednutea; in all experiments the alanine concentration was 


✓X V 

Experiment 

No. 

Inhibitor 

Concentration 

Oi uptake 
or pyruvate 
utUization 

Inhibition 



it 

c,mist. 

per ant 

I 

None 


138 

78 


p-Chloromercuribenzoate (Ox up- 

1 X io-‘ 

30.8 


take measured) 


“ 313.1 
34.3 


n 

None 

p-Aminophenyldichloroarsine hy- 

5 X 10-‘ 

90 


drochloride (pyruvate utilization 
measured) 


127.6 

124 


III 

None 

lodoacetamide (Os uptake mea- 

5 X 10-» 

None 


sured) 



— — 
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* 1 , .in.l thus Uu> of ;iluiiine oxidation is acetic acid, 

oxidation of pynivic acid by lUO:- 

Oj con.-unii)tion and i . • • - j p.chloromercuribenzoate 

dich!oroai>ine hydrocblonde (‘JO I’l,'' -v^ concentration of 5 X 10"“ it 

lodoacctamidc. however, had no efTett at a the 

(Table VI). The 0. meas- 

fin,t and third inliibilor; in tha-c with the g due 

ured by detemiinins pynivale onna lo - protein 

axclusivcly to , nercapl.de formation i .l Uic ^ ./jj^^^l^etide was 

moiety. When the enzyme wa.s "^B^emel (15), addition of a 

split from the protein accordiiiB to Nc^elein . ^ 

kV cxc,,., o( lkvi„ .ImuckciJe to tl.c P™*'” “ ”‘j „„„ („ioa, 

hiSuon or the e..t>,»e. The inl.ibu.... “■ ^ t l„.le„,ide, 

amounts of the protein from which the prosthetic troup. na 

had been separated (I'ig. 1). pnzvane were detected 

rramamfnaic— The c-sscntud — S „ j T^vo reactions 

„Uh a heart street prepared aceotd.ns to Cohen ^ 

were studied in these experiments. ( ) PJ ♦rtimte— ‘ a-ketoglutarate 

ketoglutarate + /-alanine; (2) oxalacetate -r -g ^ measured by the 

-t- I-aspartatc. In the first reaction, transamnm purbox-ylase) ; in the 
determination of pyruvate disappearance formation (Cohen’s 

second reaction, by determination of the aspar . . uj pyruvate 

method (17)). The formation of alanme by ^ . lurstoe oxide 

from /-glutamate was inhibited SI per cent by p^ar ox. of 

(1 X 10- M), and the formation of ^f^v^romercuri- 

oxalacetate from Z-glutamatc was inhibited 49 pe oxidase iodoacet- 

Woale (1 X 10-" M). in tho cnao ot d-arnmo ac.d ortdaae, 

amide had no effect on transaminase (Table ^ )• * j tyramine 

Amine Oxidases — Friedenwald and Herrmann (o) . g^periments re-, 

oxidase w'as inhibited by p-chloromcrcuribenzoa . Friedenwald 

ported in Table VUI are in agreement with the conclusi ^^^yme used 
and Herrmann that amine oxidase is an SH The 

in these experiments was prepared according to asc ^pj-ciiribenzoate 
oxidation of tyramine was inMbited 82 per cent by p-c or 
(1 X 10- M), 76 per cent by per cent 

p-aminophenyldichloroarsine hydrocblonde (IX » inliibited 

by iodoacetamide (5 X 10- m). The oxidation of adrenato 

44 per cent by 3-ammo-4-hydroxyphenyldichloroarsme y 

(5 X 10- 11). 
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Acetate oxidation by yeast, completely inhibited by p-chloromercuriben- 
zoate, was reactivated 75 per cent on addition of glutathione. Acetate 
oxidation by Conjnebacterinm creatinovorans, inhibited by 3-ainino4- 
hydroxyphenyldichloroarsine hydrochloride, was reactivated 91 per cent 
on addition of glutathione (ratio of glutathione to arsenical, 20:1). The 
activity of jS^hydroxybutyrate dehydrogenase, inhibited completely by 
5 X 10“^ M p-chloromercuribenzoate, was completely restored on addition 
of 5 X 10“’ M glutathione. In fact, the — SH groups of this enz 3 mie are so 
labile that in order to obtain preparations of optimal activity it would 
be necessary to perform the extraction in the presence of glutathione or 
cysteine. The activity of lipase (commercial pancreatin), inhibited by an 
organic arsenical, was partially restored (45 per cent reactivation) on addi- 

Table IX 

Effect of — SH Reagents on l-Glulamate Oxidase {Activating Protein or Dehydrogenase) 
Enzyme (water extract of pig liver acetone powder; diphoaphopyridine nucleotide 
(DPN) split off by acidification at pH 4.6; resuspended in 0.1 m phosphate buffer, 
pH 7.3) 1 cc.; DPN, 27 of 40 per cent purity in 0.3 cc.; l-glutamate, 0.25 ir, 0.5 cc.; 
inMbitor or HjO, 0.4 cc.; 0.1 m phosphate, pH 7.4, l.S cc.; 24.5°; rate of reduction 
measured at 3450 A, the substrate being added at 0 time. 


Inhibitor | 

Concentration 

Half 

reduction 
of DPN 

Inhibition 

None 

M 

min, 

1.S8 

per cent 

p-Chloromercuribenzoate 

5 X 10-* 

00 

Complete 

lodoacetamide 

5 X 10-’ 

1.95 

None 

3-Amino-4-hydroxyphenyldichloroarsine 

hydrochloride 

1 X io-> 

OO 

i 

Complete 


tion of glutathione. The activity of d-amino acid oxidase, conipletely 
inhibited by S-amino-d-hydroxyphenyldichloroaisine hydrochloride, was 
completely restored on addition of glutathione (10 times the concentration 
of the inhibitor). It has been reported by Friedenwald and Herrmann 
(5) that tyramine oxidase inhibited by p-chloromercuribenzoate is ony 
partially restored on addition of glutathione and that complete r^ctivation 
is reached in the presence of cyanide. Addition of cyanide diminishes^ 
amount of p-chloromercuribenzoate present in the preparation o\mg 
the formation of a complex compound between cyanide and p-c om 
mercuribenzoate; diminished inhibition will be the result of 
tion. In fact, Friedenwald and Herrmann report 85 per cent inm 1 
with 0.01 M p-chloromercuribenzoate (30 micromoles presumably m • 
of fluid) ; in the presence of 0.005 m cyanide (1 mg. of KCN presuma 
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3-Ainino-4-hycIroxyphunyltiioIiloro(irsino ** 1 X 10“* ** Complete 

liydrochlorido, 1 X 10"^ m 
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3 cc. of fluid) the inhibitions dropped to 35 per cent. The “complete 
i*en(*tivntion“ ou addition of glutathione is thus duo to diminished inhibi- 
tion. The tyrainino oxifha<e preparation used hy us, when inhibited by 
p-chloromercuiibenzoate (83 per cent inhibition), was reactivated 30 per 
cent on addition of glutathione (ratio of glutathione to inhibitor, 10:1); 
on the other hand, the inhibition produced by 1 X 10”^ M p-carbam^d- 
phenylarsine oxide and 1 X 10'“^ m p-aminophenyldichloroarsine hydro- 
cliloride was completely abolished on addition of glutathione at the usual 
ratio of 10:1. Transaminase, inhibited by p-chloromercuribenzoate, was 
completely reactivated on addition of HjS or c^^steine. The activity of 
Z-glutamate dehydrogenase, inhibited by p-chloromercuribenzoate and 3- 
amino-4-hydroxyphenyldichloroarsine hydrochloride, was completely re- 
stored on addition of glutathione (Table X). 

Rdle of Glutathione — Since the discovery of glutathione in 1921 by 
Hopkins and the establishment of its almost universal distribution in the 
intracellular fluid of animal tissues, many hypotheses have been formulated 
regarding the biological r61e of this tripeptide. It has been shown by other 
investigators, as well as in the experiments reported here and in the pre- 
ceding paper (21), that glutathione produces reactivation of — SH enzymes 
when the — SH groups have been rendered ineffective by oxidation or by 
mercaptide formation. Thus, in the preceding paper (21), it was shown 
that suifhydryl groups are essential for the activity of a large number of 
enz 3 anes concerned with the metabolism of carbohydrate. Phosphorylases, 
oxidases, carboxylases, and decarboxylases required — SH groups for en- 
zyme activity. We have presented in this paper observations on another 
large group of enzymes; namely, those concerned with the metabolism 
of fats and proteins, for the actmty of which the presence of — SH groups 
in the enzjone protein molecule is required. If to these enz 3 nnes we add 
those found previously, the result is an indeed impressive array of suifhydryl 
enzymes. In some cases (urease) the essential — SH‘ groups (sluggish 
— SH groups) are more or less protected from the action of oxidizing agents; 
in others (muscle phosphorylase, pyruvate oxidase) the essential 
groups are extremely labile, being oxidized by such sluggish oxidizing 
agents as molecular oxygen (freely reacting — SH groups). The continuous 
production of oxidizing agents in the cell will tend to inhibit the activity 
of the — SH enzymes. It is therefore reasonable to assume that the main 
r61e of glutathione in cellular systems is that of continuous reactivation 
of the — SH enzymes. Of coui'se, the degree of activity of these enzymes 
is determined, among other factors, by the oxidation-reduction poten la 
of the cell; tie., by the concentration of glutathione, of ascorbic aci , o 
oxidants, and of hydrogen ions, etc. 
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SUMAfAKV 

Amoiif; llie onzynio^ conrerncd with the metabolism of fats, the following 
have Inm found to icijuirc the presence of — SK groups in the activating 
protein: liver stearate oxid:U'e, Jiacillus coli stearate and oleate oxidase, 
ii-hydro.\yl)Utyrie dehydrogeiuuse, acetate oxidiuse, and pancreatic lipase. 
The enzyme that oxidizes oleic acid in peanuts contained no essential — SH 
groups. Among the enzyme.s for j)rotein metabolism, the following were 
found to he — SI I enzymes: d-amino acid oxidase, transaminase, /-glutamic 
dehydrogemiM', and monoamine oxidiuse. Diamine oxidase, pepsin, and 
tryp.‘'in contained no essential —SI I groups. The enzymes were inhibited 
by .alkylating agents (iodoacet amide) and by mercap tide-forming agents 
(/^-chloromercuribenzoic acid and organic aisenicals). Addition of gluta- 
thione at a ratio of 10:1 of inhibitor re.stored the activity of these enzymes. 
The r()lc of glutathione in cellular activities is discussed on the basis of these 
experiments. 
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I.MPROVEMEN'TS IN THE SCHOENHELMER-SPERRY METHOD 
FOR THE determination OF FREE CHOLESTEROL* 

By ALBERT E. SOIiEL and A. MARGOT MAYER 

{hrom the Division of Biochemistry and the Pediatric Research Laboratory, The Jewish 
Hospital of Brooklyn, New York) 

(Received for publication, July 15, 1944) 

Owing to the increased demand for the determination of free cholesterol, 
the method of Schoenheimer and Sperry (1) was modified to develop a 
shorter, simpler, and yet reliable procedure suitable for clinical use. 

experimental 

The experiments which led to the improvements (incorporated in our 
final method) in the procedure of Schoenheimer and Sperry are briefly 
described below. 

As Kaye’s (2) modification of the method of Drekter, Sobel, and Natel- 
son (3) (hitherto used in our laboratory) was taken for comparison with 
the newly developed method, its reliability was confirmed by comparing 
it with the method of Schoenheimer and Sperry (1). Excellent agree- 
ment betw'een the two methods is shown by values of 57.3, 57.7, 71.9, 
and 72.4 mg. of free cholesterol per 100 cc. of serum for Schoenheimer 
and Sperry’s method and corresponding values of 57.3, 57.9, 72.4, and 
72.4 for Kaye's method. 

At first the serum was extracted by heating on a steam bath with the 
alcohol-acetone mixture, as described in the literature (1), but this step 
was found to be unnecessary. Extraction at room temperature sufficed 
equally wnll, as is seen in Table I. For the cold extraction the technique 
described in this paper was u.sed with 5 cc. of alcohol-acetone mixture. 

The next step w'as to find the minimum amount of alcohol-acetone 
mixture needed for the complete extraction of the free cholasterol in 0.2 
cc. of serum. Table II show's the comparative results obtained w'hen 5, 

4, 3, and 2 cc. of alcohol-acetone mixture w'ere used to extract 0.2 cc. of 
serum by the technique described in this paper. It is seen that good 
results are obtained with 3 cc. or more but not with 2 cc. Equally good 
rasuits w^ere obtained when the serum w'as extracted twice with 2 cc. of 
alcohol-acetone mixture. This, however, introduces an e.xtra step that 
can be avoided except for the most exacting work. 

* Presented before the Division of Analytical and Micro Chemistry at the 107th 
meeting of the American Chemical Society at Cleveland, Ohio, April 3-6, 1944. 
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DETEUMINATION OF FREE CHOLESTEROL 


From this point on 3 cc. of alcohol-acetone mixture were used to ex- 
tract 0.2 cc. of serum. 

In all of the above experiments an aqueous digitonin solution, prepared 
according to Schoenhelmer and Sperry (1), was used for the precipitation 
of free cholesterol. However, when aqueous digitonin was used the 
precipitate w'as sticky, the washing required a stirring rod, and the sub- 
sequent dissolving of the precipitate involved some difficulties, probably 
due to the insolubility of other lipids in 33 per cent aqueous solution. To 
overcome this the same experiments W'ere carried out with a 50 per cent 
alcoholic solution of digitonin for the precipitation of free cholesterol. 


Table I 

Free Cholesterol Exlraclcd at Rcjliixing and at Room Temperatures 
The values arc expressed as mg. per 100 cc. of serum. 


Refluxing Icmperatucc 1 

Room temperature I 

Kaye’i method 

61 .S ' 

61.2 

61.3 

57.4 

57.2 1 

57.2 


70.0 

70,2 

61.1 

61.2 

61,2 


Table H 

Influence of Kofunic of Extracting Fluids oa Free Cholesterol Valuer 


The values are expressed as mg, per 100 cc. of serum. 


5 cc. ' 

1 

4 cc. 

1 

3cc. 

2cc. 

Kaje’s method 

59.7 i 

60.1 

60.3 

58.6 


Cl. 5 

61.2 ' 

61.2 

60.5 


69.5 

60. S 

70.0 

68.2 


73.6 1 

73.1 

73.3 

70.2 

■a 


This change in procedure eliminated the difficulties mentioned abo^e. 
The stirring rod and washing with acetone-ether were abandoned. Aiie 
washed precipitate dissolved with relative ease in acetic acid. The resu 
compared favorably, as shown in Table III. 

Up to this point the precipitation of free cholesterol took at least 
hours at room temperature. The next experiments were carried out 
find the minimum time required for complete precipitation at room ^ 
perature. Table IV shows the comparison between precipitabo^ 

16 hours, 3 hours, and H hours at room temperature. The precipi o 
complete in 16 hours, but this process was neither complete nor 


was 


1 complete m lu uuurs, uuL woo - rg at 

the results constant when the precipitation took place for 3 o 
room temperature. 
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To shorten the time required for complete precipitation the influence 
of temperature was investigated. The precipitation of the digitonide 
WM carried out in the refrigerator, at room temperature, at 37°, and at 
6P , As may be seen in Table V, at 37° precipitation was complete in 3 
hours, while with decreasing temperature the precipitation is incom- 
plete in 3 hours. In the final method the 3 hour period at 37° was adopted, 


Table III 

Prccipitdlxon of Free Cholesterol with Alcoholic otid Aqueous Digitonin 
The values are expressed aa mg. per 100 cc. of serum. 


Aqueous dtgitonla 

Alcoholic digitonin 

Kaye's method 

56.7 

56.9 

56.7 

59.3 

59.4 

59.4 

61.3 

61.1 

61.5 

70.4 

71.0 

70.8 


Table IV 


Influence of Time on Completeness of Precipitation of Free Cholesterol at 
Room Temperature 

The values are expressed as mg, per 100 cc. of serum. 


About 16 hrs. 

3 hrs. 

IJ hrs. 

Kaye's method 

85.5 

80.1 

69.3 

85.2 

90.0 

81.6 

66.7 

89.8 

43.0 

1 38.8 

! 30.9 

42.6 


Table V 

Influence of Temperature on Precipitation of Free Cholesterol in 3 Hours 


The values are expressed as mg. per 100 cc. of serum. 


Refrigerator 

Room temperature 

/ 

37“ 

60“ 

Kaye's method 

53.7 

62.3 

70.8 

66.7 

70.9 

54.6 

57.5 

60.5 

59.5 

60.3 

75.4 

78.3 

89.0 

' 92.4 

89.0 


since shorter periods proved less consistently reliable. It is possible, 
however, that mth a more intensive investigation of temperatures an 
even shorter period for complete precipitation may be obtained. 

In all of the above experiments the color was developed as described 
in this paper and compared in the micro cups of a Bausch and Lomb 
visual colorimeter. All results in tables represent the average values 
of duplicates or triplicates. 
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DETERMINATION OF FREE CHOLESTEROL 


Method 

Reagents — 

1. Alcohol-acetone mixture (1*1), 1 part of 95 per cent alcohol and 
1 part of acetone. 

2. 95 per cent alcohol, United States government grain alcohol. 

3. Digitonin solution, 0.5 per cent. Dissolve 500 mg. of digitonin in 
100 cc. of 50 per cent alcohol (55 cc. of 95 per cent alcohol and 45 cc. of 
distilled water) at 60°. 

''v 4. Glacial acetic acid, c.p. 

Acetic anhydride, c.p. 

-. Concentrated sulfuric acid, kept in a glass-stoppered dropping bottle. 

7. Cholesterol standard. Dissolve 100 mg. of pure dry cholesterol 
in 500 cc. of acetic anliydride (2 cc, = 0.4 mg,). 

8. Cholesterol recovery solution. Dissolve 50 mg. of pure dry chol- 
esterol in 100 cc. of 95 per cent alcohol (1 cc. = 0.5 mg.). 

All the reagents were kept in glass-stoppered bottles. This is especi- 
ally important for the acetic anh3’^dride and sulfuric acid. 

Procedure 

3 cc. of alcohol-acetone mixture are added in a rapid stream to 0.2 cc. 
of serum in a 7 cc. round bottom test-tube. A finely divided protein 
precipitate is formed, which is easily packed on centrifuging. The mix- 
ture is well shaken by tapping the tube with the fingers, and centrifuged 
for 10 minutes at 2000 u.p.m. Th supernatant liquid is carefully decanted 
into a 15 cc. graduated centrifuge tube and the last drop touched against 
the walls of the centrifuge tube. The free cholesterol remaining in the 
7 cc. tube is washed over by (1) placing the tube with its mouth do\vn at 
about 120° towards the graduated centrifuge tube which is placed m a 
test-tube rack and (2) while the 7 cc. tube is slowli’’ rotated 0.3 to 0.5 cc. 
of 95 per cent alcohol is squirted against the wails near the mouth of the 
7 cc, tube (by means of a flrawn out glass tube and a rubber bulb) in sue i 
a manner that the packed protein precipitate is reached but not distuibe 
This rinsing fluid will flow dowm into the centrifuge tube and the last drop 
is touched off against the inside walls. The alternate method of wasimg 
consists of adding 1 cc. of acetone-alcohol niLxture, suspencflng 
cipitate by appropriate tapping with the fingers, centrifuging, an 
canting the supernatant fluid as before. r I me 

The total volume of the extract and washing is noted; half of this 
of digitonin solution is added in a rapid stream, and the ^ 

mixed by tapping the tube with the fingers so as to give liqui ro 
motion until the precipitate appears. (This may take froni o ^ ^ 
seconds.) The tubes are stoppered and placed in a 37° incuba r 
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hours or allowed to stand at room temperature overnight. The tubes are 
then centrifuged for 10 minutes at 2000 r.p.m., the supernatant liquid is 
poured off, and the precipitate is shaken and washed by suspending it in 
2 to 3 cc. of ether; it is centiifuged for 5 minutes at 2000 r.p.m. and the 
supernatant liquid poured off. The washing and centrifuging are repeated 
once more and the precipitate is dried in a 60® oven. 0.4 cc. of glacial 
acetic acid is then added, and the tubes stoppered with rubber stoppers 
and replaced in a 60® oven until the precipitate is dissolved. This takes 
about 20 minutes. The contents are then mixed and cooled to room 
temperature provided it is between 24-28®. Otherwise the tube should 
be placed in a water bath at 25®, as suggested by Schoenheimer and Sperry 
(1, 4, 5). 0.8 cc. of acetic anhydride is added and mixed, 2 drops of con- 
centrated sulfuric acid are added and mixed, and the tube is immediately 
stoppered. 

Simultaneously, a standard is set up. 2 cc. of standard solution (2 cc. 
= 0.4 mg.), 1. cc. of glacial acetic acid, and 5 drops of concentrated sul- 
furic acid are mixed in a centrifuge tube. 

The color is developed for 27 minutes in the dark at room temperature, 
provided it is between 24-28®, or in a darkened water bath at 25®. The 
color must be compared within the next 5 minutes, because it then begins 
to fade. From ten to fourteen samples can be matched against one 
standard in this time. 

The color of the unknown was matched in the micro cups of a Bausch 
and Lomb visual colorimeter. The total volume of the unknown of 1.2 
cc. is just sufficient to fill the cup, whose height is 42.0 mm. 


Calculalions — 


Mg. cholesterol in sample = 


reading of standard 
reading of unknown 


X 


volume of unknown 
volume of standard 


X 0.4 


Mg. cholesterol per 100 cc. serum 


reading of standard 
reading of unknown 


Control of Method by Recovery of Added Cholesterol 

0.2 cc. of a standard cholesterol solution (1 cc. = 0.5 mg.) is added to 
the serum-alcohol-acetone mixture after the protein has been precipitated 
with the alcohol-acetone mixture. The rest of the procedure is the same. 
The cholesterol found should be 0.100 mg. more than the content of the 
0.2 cc. of serum without the addition. 


DISCUSSION o 

Method of Extraction — In e.xtracting the free cholesterol from the serum 
care must he taken to add the alcohol-acetone mixture in a rapid 
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stream, so as to produce a finely suspended precipitate which appears 
milky and homogeneous to the eye and is followed by the formation of 
visible protein particles within a minute. The precipitate is readily 
centrifuged and is well extracted. This technique favors completeness of 
extraction, because there is at least temporarily a homogeneous phase. 
With the usual techniques in which serum is added to solvent a layer of 
precipitate forms, outside of the drops of serum, which impedes penetra- 
tion of the solvent. Mechanical agitation and heating are required to 
break up the clumps to permit full extraction. 

The volume of the extraction fluid was kept as low as possible to enable 
the mixing of the reaction mixture without the aid of a stirring rod in a 
5 cc. centrifuge tube. The volume recommended in our procedure is 

Table VI 

Influence of Volume of Extraction Fluid on Completeness of Extracting Total Cholesterol 

in O.i Cc, of Serum 

The values are expressed as mg. per 100 cc. of serum. 


2 extractions and 1 rinsing 

l extraction and L rinsing. 


Volume of solvent for each extraction 

Kaye's method 

1 cc. 

2cc. 

2cc. 

3 cc. 


166 

181 

143 

182 


222 

237 

187 

237 


290 

304 

200 

305 


250 

268 

218 

260 



such as to provide a safety margin for the extracting of even large amounts 
oi free cholesterol (see Table VIII, Samples 11 and 12). 

These conditions, however, arc insuffleient to extract lolal cholesterol 
completely. A systematic study of this was made by extracting 0.1 cc. 
portions of serum with various amounts of solvent. The pertinent in- 
formation is presented in Table VI. It is seen here that when one ex- 
traction and one washing by rinsing (see the technique above) were em 
ployed 2.0 cc. are insufficient. 3 cc., however, are sufficient. 
twice the ratio of solvent to serum employed for the free choles eio 
estimation, for which twice as much serum is used for the same 
of solvent. With two extractions followed by one rinsing 1 cc. is 
cient for each extraction but 2 cc. are sufficient. Thus, here again 
ratio of solvent to serum necessary for complete extraction is abou 
as high. A siitlilar trend was observed by Sperry* who found tha ^ 
he increased the ratio of serum to solvent by a factor of 1.5 to 2. c 

' Sperry, NV. M., personal communication. 
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cholesterol values were sometimes a little low, while the free cholesterol 
values agreed ^^th those obtained by his usual technique. 

The method employed for washing may be criticized as being incom- 
plete on theoretical grounds. It is seen in Table VII, however, that the 
results obtained with one extraction and one rinsing are similar to those 
obtained with two e.xtractions and one rinsing. Thus one extraction and 
one rinsing are sufficient for the quantitative extraction of free cholesterol. 

Precipitation and Washing of Choksierol Digitonide — There are several 
innovations here that helped in the elimination of the somewhat cumber- 
some stirring rod recommended by Schoenheimer and Sperry (1) the use 
of which was continued in the later modifications by Speny (4, 5). (1) 
The volume of the precipitation mixture was reduced to make possible 
convenient mixing, by means of tapping, in the 15 cc. centrifuge tube. 

Table VII 


Influence of Washing by Rinsing on Completeness of ExtracHng Free Cholesterol in 

0.2 Cc. of Serum 

The values are expressed as mg. per 100 cc. of serum. 


1 extraction and 0 rlnilng 

X extraction and I rinsing j 

2 extractions and 1 riming 

59.0 

61.1 

61.1 

59.1 

60.9 

60.9 

07.0 1 

68.6 

68.8 

57.8 

59.2 

59.0 


(2) The rapid blowing of the digitonin into the acetone-alcohol extract 
aids in the rapid formation of a finely divided cholesterol digitonide. 

(3) The use of a solution of digitonin in 50 per cent alcohol instead of 
aqueous digitonin prevents the formation of a sticky precipitate, which 
forms when aqueous digitonin is employed. The precipitate formed was 
easily suspended and washed. Because of the relatively anhydrous nature 
of the precipitate obtained with alcoholic digitonin solution, the washing 
\vith acetone-ether was no longer necessary and was omitted. The sticky 
nature of the precipitate formed with the aqueous digitonin solution was 
the main reason for the use of the stirring rods by Schoenheimer and 
Sperry.^ 

In washing the digitonide precipitate care must be taken to shake the 
precipitate well in the washing fluid to get rid of impurities that would 
interfere ^vith the subsequent development of the color. Othenvise, the 
color may become yellowish green and difficult to compare. 

All our reagents were at room temperature and thus consistent results 
were obtained. However, when the room temperature was more than 
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28° or less than 24°, we employed a constant temperature bath, which is 
strongly recommended by Sperry^ 

Stability of Color under Reading Conditions — ^The stability of the color 
intensity of the standard solution was checked in the following manner. 
The color of the standard was developed in the dark for 27 minutes, and 
then read in a lOett-Summerson photoelectric colorimeter wdth the red 
Filter 66. The liquid was continuously exposed to light. During the 
first 5 minutes no change took place, after 7 minutes there was a decrease 
of 0.8 per cent, after 9 minutes 1.3 per cent, after 10 minutes 1.7 per cent, 
and after 15 minutes 5.4 per cent. Thus the best time for matching the 
colors is the first 5 minutes after the 27 minute period of color development, 
although results obtained in the first 10 minutes are still satisfactory, 
since the unknown and standard change at about the same rate. 

Table VIII 

Comparison between Kaye's ajid Authors' Methods 
The values are expressed as mg. per 100 cc. of serum. Each value is the average 
of two duplicates. 


Sample Xo. 

Xew method 

Kaye's method ; 

Sample No. i 

New method 

Kaye’s mclhoJ 

1 

56.7 

56.7 ! 

7 

61.3 

01. 0 

2 

59.3 

59.3 

8 ^ 

61.5 

01,5 

3 

59.3 

59.0 ! 

9 

72.7 

72.6 

‘1 

59.7 

59. S 

10 

93.1 

92.7 

5 

01.2 

01.2 

11 

172.0 

172.0 

G 

01.2 

01.5 

1 

12 

184.0 

1S2.0 


Total Cholesterol — This method of free cholesterol estimation may be 
advantageously used in conjunction with the total cholesterol method 
recently published by Sperry and Brand (6), wliich is relative!}" simple 
but gives results that compare favorably with the more involved digitonin 
method of Schoenheimer and Sperry (1), and its later improvements by 
Sperry (4, 5). 

Results 

Table VIII shows twelve representative results obtained by the niethnd 
described in this paper compared ^rith Ka^^e^s (2) method, whic 
previously used in our laboratory. Each value is the average o 
determinations. Attention is called to the close agreement of t e ig 

values found in Samples 11 and 12. ^ ^ta of 

The mean value of forty estimations (each value being the a\ era» 
duplicates) by the new method was 65.6 mg. per cent; the mean v 
forty estimations in duplicate by ICaye's method was 05.4 mg. per 
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The average difference was 0.2 mg. per cent. The maximum difference 
was 1.0 mg. per cent in one case. 

The mean values and standard de\iations of known amounts of chol- 
esterol added to the cholesterol e.\ tract of blood serum are given below. 


No. of dctcnniaa' 
tioas 

Cholesterol added 

Mean amount 
reco%'ercd 

.Average deviation 
from mean 

Standard deviation 
of mean 


me. 

ms. 

mf. 

vts. 

24 

0.100 

0.099 

iO.OOlS 

±0.0020 


Tlie observ'ation of Sperry (7) that in normal persons the ratio of free 
to total cholesterol is constant is confirmed by the data in Table IX, in 


T.\ble IX 

of Normal Individuals 
The values are expressed as mg. per 100 cc. of serum. 


Sample No. 

Total 

cholesterol 

Free 

cholesterol 

Free 

cholesterol 


me. 

me. 

per cent 

1 

26G 

60.4 

22.6 

2 

202 

47.1 

23.3 

3 

251 

59.6 

23.8 

4 

213 

49.2 

24.3 

5 

248 

60.8 

24.5 

G 

248 

60.8 

24.5 

7 

2G7 

66.0 

24.7 

8 

2G7 

66.6 

24.9 

9 

213 

54.2 

! 25.2 

10 

160 

i 

41.5 

' 25.9 


Sample No. 

Total 

cholesterol 

Free 

cholesterol 

Free 

cholesterol 


ms. 

mf. 

per cent 

11 

255 

67.5 

26.5 

12 

225 

59.7 

26.6 

! 13 

241 

64.7 

27.0 

14 

165 

45.4 

27.5 

15 

247 

67.5 

27.5 

16 

238 

63.8 

27.9 

17 

209 

59.5 

28.5 

IS 

179 

51.1 

2S.0 

19 

255 

73.2 

28.7 

20 

208 

60.4 

29.2 


Range 

Range 

Range 


160-267 

41-73 

22.6-29.2 


which each value is the average of two determinations. Our values for 
the ratio are from 22.6 to 29.2 per cent, which is similar to those obtained 
by ICaye (2) whose total cholesterol method we employed. The values of 
Sperry are from 24.3 to 30.1 per cent. The difference is probably due to 
the fact that our total cholesterol values, for which no saponification ^\as 
employed, are higher than his. 


SUMMARY 

Certain improvements in the technique of the method of fechoenheimer 
and Sperry for estimation of free cholesterol in blood serum are described. 
The advantages gained are that the whole sample of serum is used, the 
stirring rod is eliminated, the precipitation is completed within 3 hours 
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at 37°, and the precipitate is easily washed with ether and dissolved m 
glacial acetic acid. The ratio between free and total cholesterol is con- 
stant in normal cases. 

We are indebted to Dr. W. M. Sperry of the New York State Psychi- 
atric Institute for submitting the results of his unpublished experiments 
to the authors on the estimation of cholesterol. 
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A LACTOBACILLUS ASSAY METHOD FOR 2(+)-GLUTAMIC 

ACID* 

By J. C. LEWIS AND HAROLD S. OLCOTT 
{From Ihc WcsJcnv Regional Research Laboratory, ^ Albany, California) 

(Received for publication, July 25, 1244) 

Several mvestigatora have discussed the 
acid for the growth of Lactobacillus arabmosus 17 -5 
presents a quantitative method for the determination of f(+)-glutamic 

Lid based upon its ability to stimulate growth of this organism^ as 

by the production of la^ic acid, ^ LciueT are 

ments with the exception of f(+)-glutam!C acia. i 

based for the most part on those 

determination of vitamins and amino acids by the use of Lactobacillus 

arabinosus 17-5 (1, 3, 4, 6-11). c u 

The microbiological method appears to have 
over methods previously described for the d^t^mation of glutamic 
It is more precise-, it distinguishes between the 

used with materials containing relatively small amounts of f(+)-glutamic 

acid; and it requires only a few mg. for analysis. rnrlobactUi 

The relatively extensive amino acid requirements 

used in vitamin assays are usually supplied by ^ nppcssa^ to use 

assays of amino acids other than tryptophane i ^fnimd that a casein 

mixteea of pariBed .mi„o acids. However we ' ‘rerfbed befoT” 
hydrolysate freed from glutamic acid by the me o advantage 

suitable for the assay of f(+)-glut.amic acid. pa 

of lower cost, the casein hydrolysate may suj^ y am TQctohacillus 
recopized «s either essential or stimulating to the growth of LacMactUus 

wee removed fmm ceeein Mroly-lee by eobverioo to 
py,rdid.nee„bexylic ecid. t.Uow.d by 

The procedure was tepcaW os otte “ „i„„s toesligatots 

acid content to a negligible amount. The work p e has 

on the glutamic acid to pyrrolidonecarboxyhc ara -pnetion can be 

recently been reviewed (12). Olcott (12) showed a . , ,25® for 4 

achieved to the extent of 92 to 95 per cent by autoclavmg 

♦ Presented in part before the lOSth meeting of the Amencan Chemical Society 

afc New York, September 14, 1944. ... a Research 

t Bureau of Agricultural aud Industrial Cheimstry, g 
Administration, United States Department of Agncul ure. 
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hours at an initial pH of 3.3, conditions which were slight modifications 
of those recommended by Wilson and Cannan (13). Other amino acids, 
with the exception of cystine, were not affected. AVilson and Cannan 
indicated that ethyl acetate is a satisfactory solvent for pyrroHdone- 
carboxylic acid at pH 1, while Pucher and Vickery (14) used ethyl acetate 
to extract the pyrrolidonecarboxylic acid formed by the hydrolysis of 
glutamme from plant extracts at pH 2.4. In the present investigation, 
the protein hydrolysate was adjusted to pH 2.9 to 3.0, for both cyclization 
and extraction with ethyl acetate. 

EXPERIMENTAL 

Microorganism — The stock culture of Laclobacillus arabinosus 17-5^ was 
carried in yeast extvact-glucose-agar stab cultures. The reference stock 
culture was transferred monthly, incubated at 30° for 24 hours, and then 
stored in a refrigerator. 

The medium used for the growth of inoculum was prepared as described 
below, but with ordinary casein hydrolysate (containing glutamic acid). 
The organism was transferred to the liquid subcuituring medium from a 
fre.sh stab culture and incubated for 20 hours at 30°. The cells wero 
centrifuged and resuspended in sterile 0.9 per cent sodium chloride solution. 

Basal Medium — The composition of the basal assay medium is given 
in Table I. The constituents of the medium were prepared as follow's: 

Glulamic Acid-Free Casein Hydrolysate — 500 gm. of technical casein 
were refluxed for 12 hours with 5 liters of concentrated hydrochloric 
acid. As much as possible of the hydrochloric acid was removed by re- 
peated evaporations to a thick paste in vacuo. The hydrolysate was 
diluted to 1500 ml., filtered, adjusted to pPI 2.9 with 15 n sodium hydroxide 
(200 ml. w’ere required), and autoclaved for 4 hours at 125°. The auto- 
claved solution, pH 2.7, >vas filtered, placed in a continuous liquid-liquid 
extractor, and extracted for 48 hours with ethyl acetate. During one run 
some tyrosine separated during this step. At the end of the period, the 
solution was again at pH 2.9 as a result of removal of pyrrolidonecarboxylic- 
acid. The autoclaving and extraction were repeated until the glutamic 
acid content had been so diminished as not to interfere with the micro- 
biological assay. This required four or five complete cycles, followed b> 
an additional autoclaving. 

The rate of removal of pyrrolidonecarboxylic acid was estimated } 
determination of the amino nitrogen content (A^an Slyke manometnc 
method) of the ethyl acetate-soluble fractions before and after recon^ 
version of the pyrrolidonecarboxylic acid to glutamic acid by aci 

» No, 8014, American Typo Culture Collection, Georgetown University Medica 
School, Washington, D. C. 
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hydiolysis. In one luii, the following; amounts weie removed in four 
successive fractionations: -13, 22, 13, and 7 gm. Since the conveision of 
glutamic acid to pyriolidonccaihoxylic acid at pH 2.9 should be 90 to 
95 per cent complete with each autoclaving (12, 13), it appears that 
ext 1 act ion wdth ethyl acetate is the less efficient step in the procedure. 
Detcimination of the fice amino nitiogcn content of these extracts before 
hydiolysis peimittcd an c.stimate of the amounts of unknown amino acids 
cxtiactcd .simultaneously. Tlicsc were approximately 4, 4, 4, and 6 gm., 
icspcctively. 

The 1500 ml. of ciusein hydioly.sate .solution lemaining contained per ml. 
appioximately 33 mg. of nitrogen, including 5 mg. of ammonia nitrogen, 
and 100 mg. of sodium chloiidc. Thus, 70 per cent of the nitrogen of the 


Tadlk I 

Composition of Basal Medium 



per cent 


ppm. 

Gluoofip 

1.0 

Adenine 

10 

Glutamir acid-frcc acid-hydrolyzed 

0.5 

Guanine 

10 

casein 


Uracil 

10 

1-Cystinc 

0 01 

Thiamine hydrochloride 

0.5 

Z-Tryplophanc 

0 01 

Riboflavin 

0.2 

Sodium acetate trihydrate 

1 0 

Calcium pantothenate 

0 1 

" chloride 

1 0 

Nicotinic acid 

0.5 

Potassium monohydrogen phosphate 

0.05 

Pyridoxine hydrochloride 

0.5 

trihydrale 


Biotin 

0.01 

Potassium dihydrogen phosphate 

0 05 

p-Aminobenzoic acid 

0 01 

Magnesium sulfate heptahydratc 

0 02 



Ferrous sulfate heptahydratc 

0 001 



Manganous sulfate tetrahydrate 

0.001 




ca.sein wjis still piesent. For convenient use the solution wxas diluted to 
give 16 mg. of nitrogen per ml., and stoied at room temperatuie. 

The absence of peptides or anhydrides w’as indicated by the unchanged 
amino nitrogen content of an aliquot that w as autoclaved with 20 per cent 
hydrochloric acid for 4 houis at 125°. 

Although the rate of removal of pyrrol idonecarboxy lie acid as given 
above indicated the possible presence of as much as 0.05 per cent of 
glutamic acid in the casein hydrolysate solution after the final autoclaving 
at pH 2.9, evidence to be presented below show'ed that the hydrolysate 
was substantially free of Z(+)-glutamic acid (less than 0.005 per cent). 
For convenience, it will be referred to as * 'glutamic acid-free casern 
hydrolysate.” 

I'Cystinc — 5 gm. of Z-cystine were dissolved in 10 ml. of concentrated 
hydrochloric acid, and diluted to 1 liter. 
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I-Tryptopliane — ^2.5 gm. of Z-tryptophane were dissolved in 500 ml, of 
water with warming. The solution was stored in a refrigerator. 

Adcniiiey Guaniiie, and Uracil — solution containing 1 mg, per mi. of 
each of these substances was prepared as follows: 100 mg. of uracD, 124 
mg. of guanine hydrochloride, and 174 mg. of adenine sulfate were sus- 
pended in a small volume of water; 2 ml. of concentrated hydrochloric 
acid were added; the mixture was heated to complete solution, cooled, and 
diluted to 100 ml. 

Vitamin Supplement — solution was made up to contain 5 mg. of thiam- 
ine hydrochloride, 2 mg. of riboflavin, 1 mg. of calcium pantothenate, 5 
mg. of nicotinic acid, 5 mg. of pyridoxine hydrochloride, 100 y of biotin, 
and 100 y of p-aminobenzoic acid per 100 ml. Crystalline vitamins were 
used with the exception of biotin, which was supplied as a concentrate 
(S. M. A. Corporation, No. 1000 or 5000). The solution was stored in a 
refrigerator. 

Inorganic Salts — Solution A contained 25 gm. each of potassium mono- 
hydrogen phosphate trihydrate and potassium dihydrogen phosphate in 
250 ml. of water. Solution B contained 10 gra. of magnesium sulfate 
heptahydrate and 0.5 gm, each of sodium chloride, ferrous sulfate hepta- 
hydrate, and manganous sulfate tetrahydrate in 250 ml. of water. A few 
drops of concentrated hydrochloric acid were added to Solution B to 
prevent precipitation. 


Procedure 


The basal medium was mixed immediately prior to use. To prepare, 
for example, 1 liter of solution (enough for 200 tubes), 20 gm. each of 
glucose, sodium acetate trihydrate, and sodium chloride were dissolved m 
768 ml. of water. To this solution were added 100 ml. of glutamic acid- 
free hydrolyzed casein solution (1600 mg. of nitrogen),* 40 ml. of Z-tiypto- 
phane solution, 20 ml. of Z-cystine solution, 20 ml. of adenine-guanine-uraci 
mixture, 20 ml, of vitamin supplement, and 10 ml. each of inorganic 
Solutions A and B. The medium was adjusted to pH 6.8 to 6.9 with 
approximately 12 ml. of 4 n sodium hydroxide. 

The basal medium was pipetted in 5 ml. portions into Pyrex cultu^ 
tubes (18 X 150 mm,). Appropriate aliquots of the standard K+r 
glutamic acid solution and of the solutions to be assayed were next ad e 
and the total volume in each tube was made to 10 ml, with distilled wa er. 
The following amounts of Z(+)-glutamic acid were found to be convenien 


* If tyrocidine is lost during the preparation of glutamic JT 

hydrolysate, the addition to the basal niedium of 1 ^medium low 

since small amounts exerted some stimulation when added to a basal m 


in tyrosine. 
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for establishing tlic standard curve: 130, 150, 170, 200, 250, 300, and 
•100 y ])cr tul)C. Assay samples \vcrc chosen to contain approximately 
150, 200, and 250 y of f(+)*gIutamio acid. For precise work, both stand- 
ard and sample were diluted so that 5 mi. aliquots could be added to the 
culture tubes. Each level was run in quadruplicate. 

The racks of tubes were slanted and shaken until the basal medium and 
test materials ^verc thoroughly mixed. The tubes U’cre then plugged 
with cotton and autoclaved at 15 pounds of steam pressure for 10 to 15 
minutes, allowed to cool, and inoculated. 

Since the amount of acid produced was found to depend upon the amount 
of inoculum, it ^\^as necessary that this be kept as constant as possible 
from tube to tube. A 1 :7 saline resuspension^ of a 20 hour subculture was 
dispensed from a hypodermic syringe equipped with a 22 gage needle and 
held at a fixed angle. 3 drops (approximately 0.06 ml.) were introduced 
into each tube. 

The tubes were inoculated so that if half of any set of replicates was 
inoculated toward the start the other half would be inoculated toward 
the end. By this means it was easy to recognize occasional progressive 
changes in the level of inoculation, such as might have resulted, for example, 
from sedimentation of the bacterial suspension. 

The tubes were incubated at 30° zfc 0.5° for 64 hours and then autoclaved 
to stop acid production. The cultures were titrated with 0.1 n sodium 
hydroxide with bromothymol blue indicator. For precise work, the pH 
of the titrated solution was measured (glass electrode) and a correction 
of 0.01 ml, of 0.1 N sodium hydroxide was made for each 0.02 pH unit of 
difference from pH 6.90. 

Assay values were calculated from a standard curve obtained by plotting 
ml. of acid produced against micrograms of ^(+) -glutamic acid supplied, 
A new standard curve was established for each assay experiment. Values 
calculated for different aliquots of the sample were averaged to give the 
final assay. Any trend of assay value with size of aliquot was taken as 
evidence of the presence of interfering factors, and substances giving such 
trends required special investigation. 

Preparation of Samples for Assay — The method was applied to proteins, 
polypeptides, yeast, and Steffen's waste (a technical source of Z(+)- 
glutamic acid (15)). Except where otherwise indicated, the samples 
were hydrolyzed by being refluxed with 20 per cent hydrochloric acid on 
an oil bath (120-125°) for 24 hours, as previously described (12). Before 
use, they were neutralized with sodium hydroxide. 

Recovery of Added l{+yGluiamic Acid— The amount of added /(+)- 

* The number of cells varied around 250,000,000 per ml. We are indented to Boris 
Hirschmann for direct microscopic counts. 
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glutamic acid recoverable in the presence of protein hydrolysates was 
determined by several procedures. In some cases tl^e Z(+)-glutamic acid 
was added to the sample either before or after hydrolysis and the results 
were compared with parallel assays of similar samj^les prepared without 
added ^(+) -glutamic acid. In otlier cases the recovery was tested by 
the following procedure. The major portion of i(+)-glutamic acid in 
the hydrolysate was converted to pyrrolidonecarbo.xyijc acid, after which 
a calculated equivalent amount of Z(+)-glutamic acid was restored to the 
hydrolysate. The assay of such a restored hydrolysate was compared 
with the assay of the original hydrolysate. It wiU be convenient to 
refer to these experiments as “indirect recoveries.” They are of particular 
interest masmuch as the amino acids of the sample, with the exception of 
glutamic acid, were present in approximately the saitie amounts as in the 
original assay. 

In all cases values are reported as the percentage recoverable of the 
total Z(+)-gIutamic acid present. The latter value was calculated from 
the amount of Z(+)-glutamic acid added and from independent assays of 
the unknown. 


DISCUSSION 

Basal Media with Mixtures of Amino Adds — ^The use of crystalline amino 
acids in the basal medium for Z(+) -glutamic acid c^ssay, although more 
expensive than the use of glutamic acid-free casein hydrolysate, may be 
preferable when assays of a limited number of samples for several amino 
acids are contemplated. Shankmau (6) described ba^al media supporting 
good growth of Lactohadllu^ arahinosus 17-5 in wl^ich the amino acid 
requirements were supplied by crystalline amino acjds^ and Shankman, 
Dunn, and Rubin (7) obtained an accurate assay value for 
acid in a mixture of crystalline amino acids. 

In attempts to use Shankman amino acid mlxtur-e, Medium 6, for the 
assay of Z(+)-glutamic acid in hydrolysates of casein, gelatin, and gliadin, 
we obtained unreasonably high assay values, and recoveries of adae 
Z(+)-glutamic acid ranged from 115 to 150 per cent. It was later foun 
that assays and recoveries comparable to those obs&rved wth the basa^ 
medium of glutamic acid-free casein could be obtained if a mixture o 
crystalline amino acids approximating the composition of casein (>vit 
Z(+)-gIutamic acid) was used. The synthetic casein hydrolysate differ ^ 
from Shankman^s amino acid mixture, Medium b, principally in its con 
of Z-proline, Z-hydroxyproline, and dZ-serine, and in its markedly S 
content of Z-tyrosine. The primary deficient factor (for accurate ^ ( 
glutamic acid assays of protein hydrolysates) of Shantann^s 
was Z-proline, although the addition of all four amiiio acids gave e 
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refill ts than the addition of f-proline alone. Experimental data are aiven 
in Ff- 1 and in Table II. 

Other \ anctioris in Ba^cl Mediutn — The optimum amoxmi of glutamic 
acid-free casein hydroK^ate \\a5 chocen on the basis of the data shown 
in Fig. 2. S mg. of nitrogen (^as hydrolysate) permitted acid 

production and approximately maximum expression of the initiai plateau 
in the standard cur\ e. will be shown later, this plateau appears to be 
due in large part to the aspartic acid and arginine in the casein hydrolysate. 



1. Response o: Lccic lc:c:n^s crtzbinjs:^ ir-5 to J J*y)-gliira=:lc acid on rr . ^ i^ 
prepared «ith various anduo ,-cid supplements. The foHoTring sources or ammo 
adds were u^ed (-ee Table III for fur: ner detonation) : Cur-, e A, riutamic arid-free 
casein bvdroIy33.te plus f-c>^tine and i-iryptophane; Curve B, Snahkman's ( 6 ) 
f-proUne, di-ienne, f-h>droxyproline. and f-tyrosine. Curve C, tinank- 
i^^an s mixture plus f-prolme; Curve D, Shankman's mixture plus c«-^enne, ?-hy- 
<lroxyprcIine, and f-tyrCiine; Curve E, Snankman's mixture un^upplemented. 


It IS desirable that enoush glutamic acid-free casein hydrolysate be used 
the basal medium so that errors resulting from the presence of these 
substances in assay samples will be sm.qlL 
The enect of sodium chloride was investigated, since considerable 
amounts axe present in nrotein b^'drolysates alter neutralin-tion ox die 
hydrochloric acid used for hvdrolvsis. The addition ox 40 and ox 2C0 mg. 
of sodium chloride per tube to a basal medium which coxitained only about 
40 mg. per tube of sodium chloride from the glutamic acid-iree casein 
hydrolysate stimulated acid nroduction in the lower part oi the standard 
curve equivalent to a 3 and 6 per cent increase respectively ox added 
^(”r)-glutaxQic acid. The enect disappeared at levels ox acid productxon 
approaching the mf>xTmnTn lOO mg. of sodium chloride per assay tube 
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Table II 

-Glutamic Acid Assays with Various Basal Media 


Sources of amino acids in basal 


Hydrolysate 

Glutamic acid- free casein 
hydrolysate -f /-cystine 
and /-tryptophane 


Shankman's mizluref 
/-prolmc, d/-scrinc, 
/-hyarozyprolinc, and 
/-tyrosinet 

/(-l-)-GIu- 
tamic acid 

Recovery 5 

/(+}-Glu. 
tamic acid ^ 

Rccoveryj 

/(4-VGIu- 

tamicacid 

Recover) { 


per cent 

per cent 

per cent 


per ceni i 

per cent 

Gliadin 

43.0 

100 

67.0 

HR[|H 


100 

Casein 

20.4 

101 

35.2 



101 

Gelatin 

10.2 

100 

16.7 

BSH 


103 


* Ingredients other than the amino acids as in Table I. 

t Without Z(-f) -glutamic acid. d2-Threonine 2 mg., Z-leuci*^G 2 mg., dl-isoleucine 
2 mg., di-valine 2 mg., di-methionine 1 mg., i-cystine 1 mg., i-tW^ophane 0.33 mg., 
i-tyrosine 0.33 mg., di-phenylalanine 1 mg., i-lysine 2 mg., di-al?^ii>ne 2mg., i-arginine 
0.5 mg., i-aspartic acid 4 mg., i-histidine 0.5 mg, per tube. 

i i-Proline 4.5 mg., di-serine 3.7 mg., i-hydro.\yproline 5 mg-i Z-tyrosine 2 mg. 
per tube. 

§ Approximately equal amounts of i(-h) -glutamic acid as standard and as protein 
hydrolysate were mixed and assayed, and the amount found vs^as compared with the 
total amount calculated to be present from simultaneous assay of the protein 
hydrolysate. 



Fio. 2. Response of Lactobacillus arabinosus 17-5 to i(-}-) -glutamic ^i^ 
by the amount of glutamic acid-free casein hydrolysate supple . 
stituents of the medium were kept constant. Glutamic acid-fr^e ^ ^ ^ ^ . 

was supplied to give the following amounts of nitrogen per tub^* ^ ' 

Curve B, 0.8 mg.; Curve C, 2.4 mg.; Curve D, 8 mg.; Curve B, 
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\vere therefore added to the b:i 5 al nicdiiun, so that the addition of sodium 
chlonde in any ordinary sample of a protein hydrolysate would have 
negligible effect. 


Ammonium chloride hud an effect equivalent to less than 2 7 of Z(+)- 
glutamic acid per mg. of ammonia; hence, the amounts of ammonia ordi- 
narily present in protein hydrolysates would not be expected to affect 
assay values. The basal medium contamed 16 per cent of the nitrogen 
of the glutamic acid-free casein hydrolysate as ammonium ion. If a 
synthetic mixture of amino acids is used, it may be desirable to add an 
ammonium salt (approximately 1 mg. per tube) to the basal medium. 

Standard Curve When tho response of acid production was plotted 
agai^t the amount of f(+)-glutamic acid added, sigmoidal curves were 
obtained. The position and to some extent the form depended upon the 
tune and temperature of incubation, the level of inoculation, and the 
composition of the basal medium, The standard curve differed from 
those obtained with most Ladobacillits assays, in which there are no 
initial plateaus. It also differed from the sigmoidal standard curve 
obtained in the Lactobacillus assay for p-aminobenzoic acid ( 9 ), which 
does not undergo the marked shift in sensitivity with time of incubation 
or amount of inoculum. 

. effect of length of incubation period on the standard curve is shown 
^ 3. Relatively small amounts of -glutamic acid could be 

incasured when long incubation periods were used, while for short incuba- 
tion periods much larger amounts of f(+)-glutamic acid were required 
appreciable growth and acid production. 

Although such a relationship between the quantitative requirement for 
an essential gro\vth factor and thq time of incubation has not been reported 
previously, within the authors' knowledge, the phenomenon is reminiscent 
0 the relationship between the minimum inhibitory dose of many anti- 
bacterial agents and the time of incubation. Whatever the mechanism 


"Incubation temperatures of 25®, 30°, and 35 ° gave progressively shorter initial 
P a eaus in the standard curves; after 3 and 4 days of incubation time, the displace- 
®en 8 of the standard curve corresponded to 5 to 10 7 of f(+) 'glutamic acid per 
egree of difference of temperature from 30°. Variation in the amount of inoculum 
effect, A 3-fold increase of the prescribed inoculation level reduced 
e ength of the initial plateau (3 days of incubation) by about 30 y of -glutamic 
. Small variations in the temperature of the medium at the time of inoculation 
tK have a perceptible effect; assays of standard 1 !( 4 “) -glutamic acid in which 
s uf the medium at the time of inoculation had been held at 18°, 25 , 

Tfh ^ homogeneity of the stock culture of 

w'fh substantially identical standard curves were obtained 

1 cultures derived from sixteen separate colonies picked from dilution plates of 
the stock organism 
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of the biological reaction may be, the reproducibility and specificity of 
the response of Lactohacillus arabinosus 17-5 make thi^ organism suitable 
for the determination of l(+)-glutaimc acid. 


K)] 



MtCROGRAMS OF LU)-GLUTAMIC AGIO 


Fig. 3. The effect of period of iacubation on the response of XaciobocjUus crebino- 
sws 17*5 to i(H-) -glutamic acid. The amount of inoculum was about twice that 
generally used. 


Table III 


Ejfcci of Period of Incuhalioji on Assat/ of Casein Hijdrolysais 


Fenod of meubaoon , 

Approximate i{+)*glutamic 
aud test levels 

/{4-)-GIutainic acid 
coolent of casern 

Recovery of fW 
tamic acid 

/irs. 

7 

Per cent 

per cent 

22 

600 ^ 

18.9 

100.0 

1 

1000 

18.7 

102.7 


1400 

18.3 

109.1 

•iO 

250, 400 

19.7 

lOO.-l 

60 

140, 200, 250 

20.0 

100.4 

94 

100, 140 

20.1 

99.7 

120 

40, 60, 80 

19.5 

9S.5 

209 

10 

18.7 

gs.5 


20 

1 19.0 

98.5 


40 

19.3 

98.9 


* Approximately equal amounts of Z(-f) -glutamic acid wrere supplied as casern 
hydrolysate and as standard Z(4-) -glutamic acid added to the hydrolysate. 


Assay and recovery data for a casein hydrolysate were 
taneously ^vith the standard curves of Fig. 3 (Table III)- 2 
of incubation gave maximum assay values and accuracy. Values o 
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with the shortest and with the longcist incubation periods weie lower than 
the maximum values by 5 per cent or more. Definite tiends of assay 
values with the size of the alicpiotwcrc observed in both cases, and markedly 
divergent recoveries of added ^(+)-glutamic acid in the former. The 
recovery value obtained for the 1400 7 aliquot at 22 hours is particularly 
interesting since it is high, while the assay value is low, an observation 
which emphasizes the erroi*s possible in correction factois based upon 


recovery values. 

It was possible to estimate residual Z(d-)-glutamic acid in the glutamic 
acid-free casein hydrolysate used in the basal medium from data such as 
are given in Fig. 3. If the dosage-response data tor 209 hours are plotted 
with linear coordinates, extrapolation shows that the basal medium con- 
tained about 7 7 of /(+)-glutamic acid per tube in excess of that requiied 
for the initial plateau of the standard curve, since the basal medium without 
added ^(+)-glutamic acid permitted production of 1.32 mb of 0.1 n aci 
per tube in this time. If the amount of Z(-}-)-glutamic acid required for 
the initial plateau of the standard curve is plotted against the period of 
incubation, it may be estimated that the plateau at 209 hours was neg - 
gible. The Z(-f )-glutamic acid content of the medium was accordingly 
in the neighborhood of 7 7 per tube, demonstrating the effectiveness of the 
procedure for prepaiing glutamic acid-free casein hydiolysate. 

Specificit7j—The ability to replace the specific gro^vth promotion role 
of Z(+)-glutamic acid was tested for a number of compoun s ^ ^ ® 

glutamic acid or containing glutamic acid residues (Ta e 
Glutamic acid was found to be more than 50 per cent active, in con ras 
to the observation of Kuiken et al (3). Pure d(-)-glutamic 
about 8 per cent as active as Z(+)-glutamic acid in the ^ . 

glutamic acid, and 10 per cent as active in the presence of Z(+j'g u am 
acid. The activity of a-ketoglutaric acid was small but significant. 
a-Hydroxyglutaric acid was inactive, as were all derivatives in ic 


the amino group was blocked. . „ 

Pollack and Lindner (5) found that Z-glutamine was 
active as Z(-l-)-glutamic acid for Laciohacillus arahinosus 17- . 
level tested in this study, Z-glutamine was 140 per cent as active as td-;- 
glutamic acid (Table IV). Although preliminary observations c 
that this relationship is variable, the point is not importan 01 p 
of assay, since Z-glutamine is converted quantitatively to Z(-r;-g 


acid during acid hydrolysis. , , , 

Of the three peptides of Z(+)-glutainic acid tested, Z-g utamy y > 
in which the a-carboxyl group of the glutamic acid residue is oc , 
very low activity. Z-Glutamyl-Z-glutamic acid had up to 
activity. Glutathione, in which the a)-carboxyl groups of tne ^lu 



276 


Z(+)“GLUTAMIC acid assay 


acid residues are blocked whereas the amino and a-carboxyl groups are 
free, had much higher activity. 


Table IV 

Svccificiiy of Resyonse of Laclohacillua arabinosus io Act'd 


Substance* 

Quantity tested 
per lube 

Basal level of 

acid per tube 

Activity per gJutainic 
aad tesiaue 


r 

y 

per ceni 

ftd- )-GIutamic acid, recryatallized 

150-250 

0 

100.0 (Assigned) 

** reagent grade 

160-250 

0 

99,7 

d(— )-Glutamic acid 

3000-5000 

0 

7.2-S.4 

it It 

200, 1000 

150 

7.6, 8,0 

tt it 

200, 1000 

250 

9.8, 11.0 

(//-Glutamic acid 

300-500 

0 

54.5-55.7 

/-Glutamine 

200 

0 

140t 

a-Kctoglutaric acid 

1000 1 

150 1 

6.3 

tt It 

5000 

150 

1.6 

a-Hydroxyglutaric acid 

1000, 5000 

150, 250 

i <0,2 

/-Pyrrolidonccarboxylic acid 

1000, 5000 

150, 250 

<0.2 

Carbobenzoxy-/-glutanuc acid 

1000, 5000 

150,250 

<0.2 

p-Aminobenzoyl-/-glutamic acid 

1000, 5000 

150, 250 

<0.2 

p-Nitrobenzoyl-/-glutamic ** 

1000, 5000 

150, 250 

<0.2 

/-Glutamyl-/-glutamic acid 

2000 

0 

^10 

(1 tt 

SO, 400 

150,250 

17-24 

/-Glutamyl-/-tyrosine 

1000 

150, 250 

2.‘5 

(< 

5000 

150, 230 

l.S 

Glutathione 

300 

0 

94 

tt 

400 

0 

78 

tt 

500 

0 

69 


* We wsh to acknowledge our indebtedness to E. F. Jansen for /-glutamine; 
D. L. Shemin for a-ketoglutaric acid; H. Fraenkel-Conrat for /-glutamyl-l -glutamic 
acid and corbobenzoxy-/-gIufcaniic acid; i\I. Bergmann for /-gl utarayl-l-tyrosme. 
Pure d(—) -glutamic acid, [«)“ in 1.73 n hydrochloric acid, —31.7®, was obtained by 
several crystallizations as the hydrochloride from acid hydrolysates of the poo' 
peptide produced by a specific strain of Bacillus subtilis (16). We are indebte o 
M. S. Dunn for determining the rotation of this preparation A inicrobiologica^ 
assay of a hydrolysate of the polypeptide disclosed the presence of about 15 percen 
of Z(+) 'glutamic acid (corrected for the activity of the d(—) -glutamic acid presen • 
Synthetic d/-glutamic acid was from Amino Acid Manufactures, /-Pyrro i on 
carboxylic acid, a-hydro.xyglutaric acid, p-aminobenzoyl-l-glutamic acid, an 
nitrobenzoyl-l-glutamic acid were synthesized by recognized methods. .i 

t /-Glutamine was sterilized with ether, since large losses were foun 
was autoclaved in the neutral basal medium. The activity of 
was substantially identical whether it was sterilized W’ith ether or by au oc 
in the basal medium. 

A number of amino acids were tested individually by addition of 
the^ basal medium of glutamic acid-free casein hydrolysate supp eni 
with 150 and 260 y of Z(+)-glutamic acid per tube. 10 mg. o an 
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of the following amino acids per tube had no or only a small stimulatory 
effect, varying in magnitude up to that obtained with 20 7 of /(+)-glutamic 
acid: dZ-alaninc, d/-a-amino-7i-valeric acid, Z-cystine, glycine, Z-hydroxy- 
proline, dZ-isoleucine, tZZ-iso valine, Z-leucine, cZZ-lysine, dZ-methionine, dt- 
norleucine, dZ-phenjdalanine, Z-proline, cZZ-serine, dZ-threonine, Z-tyrosine, 
and dZ-valine. In those amino acids not of synthetic manufacture, it is 
possible that the slight stimulatorj'’ effects might have been due to the 
presence of Z(+)-glutamic acid in amounts of 0.2 per cent or less. 

Z-Omithine, choline, and d-glucosamine, when tested in the same way, 
possessed activities per mg. equivalent to 15, 12, and 5 7, respectively, of 
K+)-glutamic acid. No effect could be demonstrated vith 100 7 of 
choline or with 10 mg. of betaine. 

A further group of amino acids, when tested at convenient levels varying 
from 1 to 10 mg. per tube, gave the following depressive effects expressed 
as micrograms of Z(+) -glutamic acid equivalent per mg, of amino acid: 
Z-aspartic acid, —40; Z-arginine, —15; Z-asparagine, —4; dZ-a-aminobut3nnc 
acid, —4; Z-trj’ptophane, —3; and Z-histidine, —2. The depressive effects 
of Z-aspartic acid and Z-arginine were great enough to account for the 
initial plateau of standard curves obtained on basal media containing 
glutamic acid-free casein hydrol3'sate. 

These effects were of appro.ximately the same magnitude when tested at 
points high and low on the standard curve (250 and 150 7 of Z(+ ) -glutamic 
acid per tube), and resulted in virtually linear displacements of the stand- 
ard curve, Aloreover, Avhen various combinations of the more active 
amino acids were tested, the resultant effects were the sums of the effects 
of the amino acids taken individually; i.e., no synergistic actions were 
evident. 

The relatively small effects of both stimulatory and depressive ammo 
acids were obtained with amounts equal to or larger than the amounts 
supplied to the basal medium by the glutamic acid-free casein hydrolysate. 
The results thus show that the basal medium is essentially optimal with 
respect to essential or stimulatory amino acids. From the standpoint 
of the accurate determination of Z(+)-glutaniic acid, the basal medium is 
essentially optimal vvdth respect to depressive amino acids also. T us 
if the most active interfering amino acid, Z-aspartic acid, ^^as pieseirt in 
the sample in amounts equal to that of glutamic acid, the resulting e ect 
would give values for Z(+)-glutamic acid low by about 4 per cent. Since 
glutamic acid is present in most proteins in much larger amounts t n 
aspartic acid, it seems that in these cases such a source of error may e 
neglected. 

Raccmizaiion of l{-\-)-Glxitamic The extent of racemization of 

“glutamic acid during hj'^drolysis was evaluated as follo^^s. A samp e 
of Z(+)-glutamic acid refluxed for 72 hours wth 20 per cent hydrochlonc 



278 


Z(+)-GLUTAMIC ACID ASSAY 


acid was found to possess 95.4 per cent of the biological activity of pure 
acid. An unheated control sample showed no change in 
activity. The 4.6 per cent loss of biological activity after 72 hours of 
treatment with hot acid is comparable to that observed by others (17-19) 
for the racemization of Z(+)-gIutamic acid, as measured by optical methods. 

It appears evident that assays of ^(+) -glutamic acid are low by approxi- 
mately 1.5 per cent for each 24 hours of acid hydrolysis under our condi- 
tions, if it is assumed that the major portion of the Z(-f-) -glutamic acid of 
the sample is present in the free state during most of the hydrolysis period 
(c/. Table V, 24 and 48 hour hydrolysis periods). 

i(+)-Glutamic acid heated in 20 per cent sodium hydroxide for 72 hours 
on an oil bath at 120° lost 33 per cent of its original activity. 

Effect of Period of Hydrolysis on Assays of Casein — ^The effects of various 
periods of hydrolysis in boiling 20 per cent hydrochloric acid on ^(+)- 
glutamic acid assays of casein are shown in Table V. Data for three of 
the periods are presented in detail to illustrate a change of trend in assay 
values. After 6 hours of hydrolysis, the trend had substantially disappeared 
and the average recovery varied from 99.5 per cent to 101.5 per cent. 
The magnitudes of the assay values were high for short hydrolysis periods 
and became progressively lower with longer hydrolysis. This decrease 
was almost complete with 24 hours of hydrolysis, although a further slight 
drop attributable to racemization was noted with 48 hours of hydrolysis. 
Olcott (12) found that the hydrolysis of casein was essentially complete 
after 24 hours of hydrolysis. 

For hydrolysis periods shorter than 6 hours, when marked trends were 
apparent, the recovery was calculated for individual levels of casein, assaye 
with and without added m-)-glutamic acid. Recovery values obtaine 
in this way, although somewhat variable, averaged about 100 per cent, 
indicating the additive nature of the effects of (added) free li+ )-glutainic 
acid, and of Z(+)-glutamic acid isotels® in the short period hydrolys^t^* 
If this additive effect holds for the smaller aliquots of short period casern 
hydrolysates plus Z(+)“glutamic acid, and one assumes 100 per cent recov 
ery of added Z(+)-glutamic acid, it is possible to obtain values for 
aliquots of hydrolysate than could be assayed directly because o ^ 
sigmoidal nature of the standard curve. Such values extend in a 
manner the trend toward increasingly higher assay values 
aliquots of short period casein hydrolysates. Values obtained in t is ^ 

are shown in parentheses in Table V. • u a Ivsates 

The effects of very small amounts of short period casein by roj 
on the standard Z(+)“glutamic acid assay curve were determine 

* Compounds related by their common ability to perform the same funct* 
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Table V 


EJfccl of Length of Period of Hydrolysis and Size of Aliquot on lir\~) -Glutamic Acid 

Assays of Casein* 


HydfoJ. 


( Aliquot tested 

IM- 



Eipcri* 

mcot 



GIu- 

Calculated f(+)*glu- 
lanuc acid content of 
casein* 

Recovery of i(+)- 
glutamic acid 

ytis 

pcn&d 

Casein* 

Added 

tamic acid 

Umlc 

acid 

found 

krs. 


rtf. 

T 

r 

per coil 

per cent of calcu^ 
laled laluet 

0.5 

A 

0.25 

50 

185 

(51.0)i 




0.375 

75 

225 

(40.0) 




0.50 


188 

37.6 




0.50 

100 

282 

(36.4) 

97.9 



0.625 

125 

338 

(34.1) 

102.9 



0.75 


219 

29.2 




1.00 


255 

25.5 




1.25 


295 

23.6 


1 

(t 

0.25 -0.625§ 

50-125 


(50.8)-(34.1) 

101,5, 95.6 



0.50 -1.25 



37.2 - 23.4 


2 

(( 

0.25 -0.625 

50-125 


(36.8)-(29.l) 

91.3, 105,2 



0.50 -1.25 ' 

1 


32.0 - 23.8 


3 

({ 

0.375-0.625 

75-125 


(24.8)-(23.5) 

101.3 



0.75 -1.25 ‘ 

1 


23.7 - 21.4 ; 


3 

B 

0.375-0.625 ’ 

75-125 


(24.0)-(22.9) j 

102.2 



0.75 -1.25 



23.2 - 22.4 


4 

A 

0.375 

75 

166 

(21.3) 

1 



0.50 

100 

215 

(23.0) 

i 



0.625 

125 

267 

(22.7) 

100.4 



0.75 


168 

22.4 




1.00 


212 

21.2 




1.25 


263 

21.0 


6 

B 

0.375-0.625 

75-125 


(20.6) Average 

101.5 Average 

12 


0.75 -1.25 



20,0 


(( 

0.375-0.625 

75-125 


(19.1) 

99.5 Average 



; 0.75 -1.25 



19.3 


24 


0.375-0,625 

75-125 


(18.8) 

101.0 Average 



0.75-1.25 



18.4 


48 


0.375 

75 

143 

(18.2) 

100.4 



0.50 

100 

194 

(18.8) 

101-9 



0.625 

125 

242 

(18.7) 

101.6 






(18,6) Average 

101.3 Average 



0.75 


136 

18.1 




1.00 


181 

18.1 




1.25 


227 

18,2 

IS.l Average 



* Air-dry; 9.8 per cent moisture. 

t Xt was assumed tlaat tKe assay of casein b.ydrolysate plus added [(-!-) -glutamic 
acid was equal to the sum of separate assays of equal aliquots of each constituent. 
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Table VI — Concluded 

We are indebted to the following for samples of proteins and other materials: 
E, F. Jansen for a solution of five times recrystallized /3-lactogIobulin; H. P. Lundgren 
for a solution of recrystallized egg albumin; D. M, Greenberg for edestin; H. C. 
Reitz for crystalline pepsin; Eli Lilly and Company for crystalline zinc insulin; 
W. IM. Stanley for tobacco mosaic virus prepared by differential centrifugation; 
C. H. Li for growth hormone and lactogenic hormone; A. K. Balls for purothionine; 
G. Alderton for lysozyme; E. F. Jansen and K. P. Dimick for tyrocidine hydrochlo- 
ride; Amino Products Company for Steffen's waste. 

t Approximately equal amounts of l(-f) -glutamic acid w’ere supplied as sample 
hydrolysate and as standard Z{+) -glutamic acid added to the hydrolysate. 

t The following treads of assay values were found with increasing size of sample 
aliquot from 150 to 250 y of Z(-i-) -glutamic acid; 20 per cent decrease for pepsin 
assay and direct recovery but no trend for the indirect recovery; 5 per cent decrease 
for tobacco mosaic virus and tyrocidine hydrochloride assays, and 2,5 per cent for 
direct recoveries; and 8 per cent decrease for lysozyme assay. Small treads of 
doubtful significance w'ere noticed in some other cases, particularly in assaying 
residual Z(-|-) -glutamic acid after autoclaving at pH 3.3. 

§ The assay conditions w'ere modified to increase sensitivity by tripling the 
amount of inoculum and by incubating at 34®. The assay range at 64 hours of incu- 
bation extended from 20 to 150 y of / (4- ) -glutamic acid per tube. 


chemical method of assay may be high (12), (b) that the rate of racemiza- 
tion of Z(+)-glutamic acid in the protein structure is greater before than 
after it has been liberated, or (c) that d(--)-glutaniic acid occurs in appre- 
ciable amounts in certain proteins. For tobacco mosaic virus and 
tyrocidine hydrochloride the microbiological assays were lower than those 
obtained by the chemical method by about 25 per cent; these materials 
appear to deserve more detailed investigation. The microbiological values 
for /?-lactoglobulin and edestin are somewhat lower than the maximum 
reported values obtained by isolation (21); however, there is no informa- 
tion available concerning the optical rotation of this total isolated glutamic 
acid for )8-lactoglobulin. That given for edestin inchoates that 9.6 per cent 
was present as the d form. 

Recovery experiments were made to test the accuracy of the Ivrr 
glutamic acid assays. With a few exceptions to be discussed later these 
recoveries varied from 98 to 102 per cent. Recoveries of Z(+ )-gIuta^c 
acid added before hydrolysis appeared to fall 1 or 2 per cent lower t an 
recoveries of Z(+)-glutamic acid added after hydrolysis, undoubte 
result of a moderate degree of racemization. 

The residual Z(+)-gIutamic acid in samples autoclaved at pH 3. w ^ 
found to vary from 3 to 8 per cent of the amount originally presen . 


•Olcott (12) used a correction of 8 per cent for the unconverted g ^ 
jmaining after 4 hours of autoclaving at an initial pH of 3.3 and p poun 
ressure. The results obta.ined during this investigation ^ 

lay be variable, and somewhat less than 8 per cent (Table vl, nftn 
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Recovery experiments on these converted hydrolysates showed but slightly 
greater deviations from the theoretical than those on the original 
hydrolysates. Since the aliquots in assays for residual ^(+)-glutamic 
acid in converted hydrolysates contained 12 to 20 times the amounts of 
amino acids, other than glutamic acid, used in the original assays, it is 
clear that errors due to the presence of these other amino acids must have 
been very small. 

In two cases discrepancies in recovery experiments or trends of assay 
value w’ith size of sample indicated the presence of interfering substances. 
Thus, crystalline pepsin gave assay values approximately 20 per cent 
higher for 150 y of l(+)-glutamic acid than for 250 y aliquots, while the 
recovery of Z(+)-glutamic acid added after hydrolysis was significantly 
(7 per cent) high. Crystalline egg albumin likewise gave anomalous 
recovery values, although in this case no trend of assay value was observed. 
The anomalous behavior of egg albumin was unchanged by an increase 
in the period of hydrolysis to 72 hours. It was made less evident, however, 
by the use of a higher incubation temperature and a larger amount of 
inoculum, which permitted the assay of smaller amounts of egg albumin. 

No systematic attempt has been made to study the anomalies in the 
assay of egg albumin or pepsin. Although corrections based on recovery 
experiments might be made, the validity of such corrections has not been 
established and their use would necessarily result in loss of precision. 
Preliminary observations suggest that the disturbing influences might be 
eliminated by the addition to the basal assay medium of sufficiently large 
amounts of glutamic acid-free hydrolysates of the materials sho^\mg the 
anomalous results. The method of preparing glutamic acid-free casein 
hydrolysate described above is applicable to other proteins. It is also 
possible that the interfering substances in egg albumin or pepsin might 
be eliminated by a preliminary quantitative separation of the dicarboxylic 
acids by a procedure such as has been suggested by Cannan (22). Such a 
separation might also prove useful in increasing the precision of Olcott^s 
(12) method for total glutamic acid. 

In the assay of new materials it would appear to be desirable to run 
parallel assays with added Z(-t-) -glutamic acid. With the precision 
attained in this study, a deviation of 2 per cent from the theoretical recov- 
ery would serve to indicate the presence of a disturbing factor giving rise 
to errors of at least that degree of magnitude in the assay. There may be, 
however, sources of error that would not give rise to significant departures 
from theoretical recoveries (see Table V). 

Com'parison of Total and l{+yGlutamic Acid Content in Normal and 
Tumor Tissue — Kogl and his coworkers (23) have recently reaffiimed 
their contested belief that malignant tissues contain appreciable amounts 
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of unnatural amino acids, particularly of d( - )-glutamic acid. It appeared 
that evidence bearing on this controversy could be readily obtained by a 
comparison of the amounts of total glutamic acid (12) and ^(+)-glutamic 
acid in normal and itialignant tissues. The proteins of a Brown-Pearce 
rabbit testicular carcinoma and of normal rabbit testes were obtained by 
extraction of the minced tissues with 95 per cent alcohol and with 5 per 
cent tncMoroacetic acid in a IVaring blendor. The results of analyses 
are shown in Table VII, They indicate that the abnormal tissue con- 


Tablb VII 

Comparison of Total Glutamic Acid Contents of Proteins from Rahhit Testicu- 

lar Brown-Pearce Carcinoma and Normal Rabbit Testes* 


Source o( protelnt 

/(+)'Glutaintc acid 

1 

Total glutamic acidt 

1 

Assay 

Recovery 


1 per cent 

per cent 

per cent 

Brown-Pearce carcinoma 

10.0 

100.0 

' 14 

Normal tissue 

! 9.8 

99.2 

13 


* We are indebted to J. W. Thompson of the National Cancer Institute for samples 
of these tissues. 


t Both samples contained 14.0 per cent nitrogen (dry weight). 

X As determined by 01cott*s method (12). Corrected for eystine content. The 
differences between the two methods of assay are similar to those observed with 
other proteins containing 10 to 15 per cent glutamic acid. 

tained no more d(*— )-glutamic acid than did normal tissue, at least as 
determined by these methods. 

We me grateful to X), X, Meeham, Alice L. iVIcGilveiy, and Evelyn 
McCombs of this Laboratory for helpful technical assistance. 

SUMMARY 

Lactobacillus arabmosus 17-5 was used for the quantitative determina- 
tion of Z(+)-glutamic acid. The amino acid requirements other than 
Z(+)-glutamic acid were supplied by a glutamic acid-free casein 
hydrolysate, prepared by repeated cycles of autoclaving at pH 3 to con 
vert glutamic acid to pyrrolidonecarboxylic acid and selective extraction 
of the latter with ethyl acetate. The effects of a number of factors 
in the assay were studied in detail. This biological assay met o is 
capable of a prebision of 1 to 2 per cent. . , 

Assays have been made of acid hydrolysates of proteins, 
yeast, and Steffen’s waste. For most hydrolysates, the accuracy o 
assays as judged by recovery experiments approached the precision. 







J. C. hSWlS AND H, S. OLCOrr 


2S5 


some twenty materials assayed only hydrolysates of cry’stallme egg albumin 
and ciy'stalline pepsin contained interfering substances which gave recoven* 
values in error by as much as 5 to 10 per cent. 

The i?(+)-glutamic acid contents of the following proteins are reported 
for the first time: silk fibroin, 2,1 per cent;^ Ij^sozyme, 3.5 per ceiit;pun> 
thionine, 2.7 per cent; grow'th hormone, 14,5 per cent; lactogenic hormone, 
13.4 per cent. 
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A SIMPLE GRAVIMETRIC METHOD FOR THE 
DETERMINATION OF URINARY POTASSIUM 

Br SMITH FREEMAN and MARIE W. BURRILL 

{F Tom the Department of Physiology ^ Northwestern University Medical School^ 

Chicago) 

(Received for publication, September 29, 1944) 

The method to be described involves the precipitation of potassium 
as the silver cobaltinitrite after the interfering substances in urine are 
eliminated by a dry ashing in the presence of excess sulfuric acid. 

Precipitation of potassium as the silver cobaltinitrite was described by 
Burgess and Kamm (1) and utilized by Breh and Gaebler (2) in the esti- 
mation of serum potassium. The constancy of composition of the po- 
tassium silver cobaltinitrite has been questioned, although recent studies 
(3-5) indicate that for amounts of potassium usually contained in blood 
serum, a precipitate of constant composition can be obtained if certain 
precautions are observed. 

In the present method precipitation is initiated at 18-20° which is re- 
ported to be optimal for obtaining a precipitate of constant composition 
(4, 5). The ptecipitate is collected, dried, and weighed in a sintered glass 
filter as employed in the determination of sodium according to Butler and 
Tuthill (6). 

The method is simple, permits reasonably accurate results with a wide 
range of urinary potassium concentration, and can be carried out with 
ordinary laboratory equipment. It compares favorably with the standard 
chloroplatinate method in accuracy and has advantages over this method 
in being simpler, more rapid, and less expensive. 

Reagents and Glassware — 

1. Sodium cobaltinitrite reagent This reagent is prepared as described 
in Peters and Van Slyke’s book of methods (7) and is stored in a brown 
bottle in the refrigerator. The solution deteriorates 3 to 4 weeks after 
preparation and may give high results if used after this time. 

2. J^O per cent silver nitrate. 40 gm. of silver nitrate dissolved in distilled 
water and made up to 100 ml. 

3. Silver cobaliinitrite reagent. This reagent is prepared fresh at the 
time of analysis. 1 ml. of 40 per cent sUver nitrate is added for each 10 ml. 
of sodium cobaltinitrite solution. The mixture is shaken thoroughly to 
redissolve the precipitate formed. It is filtered through coarse filter paper 
after standing for 10 minutes. 

10 N H^SOi. 280 ml. of concentrated c.p. acid diluted to 1 liter with 
distilled water. 
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5. Sintered glass filters. These filters should be of No. 4 porosity, have 
a capacity of approximately 30 ml., and be suitable for weighing. After 
each determination these ' filters were cleaned with hot water, followed 
by heating on a steam bath immersed in 1 : 1 nitric acid, then washed on a 
suction filter with distilled water, 95 per cent ethyl alcohol, and lastly with 
ethyl ether. The carefully dried filter was stored in a vacuum desiccator 
over sodium hydroxide pellets. It was found necessary to weigh the filters 
before each determination as they consistently lose weight if adequately 
cleaned. The weighed filter was stoppered tightly from the bottom and 
placed in a 100 ml. beaker, resting on the stopper. 

6. Evaporating dishes,^ These were made of a Pyrex glass with a reh 
atively high silica content such as is suitable for dry ashing and were of 
30 to 50 ml. capacity. 


Method 

The urines used in this study were freshly voided or 24 hour specimens 
preserved with 10 ml. of 10 N H2SO4. 10 ml. of urine plus 2 ml. of 10 
N H2SO4 were evaporated to a syrupy consistency on a steam bath, then 
placed in a cold muffle furnace and ashed overnight at a temperature ranging 
from 510-“540‘’. After cooling, the ash was dissolved in distilled water 
with the aid of slight warming on the steam bath, quantitatively transferred 
to a 50 ml. volumetric flask, and made up to volume with distilled water. 
After thorough mixing, approximately 25 ml. of the ash solution were 
filtered through No. 40 Whatman paper. 

The filtered ash solutions and the freshly prepared silver cobaltinitrite 
reagent were brought to a temperature of 18-20° by means of a water 
bath. 10 ml. of the reagent were pipetted into a weighed, stoppered filter 
followed by 10 ml. of the filtered ash solution which were added slow y. 
The mixture was stirred for 1 minute, covered with a watch-glass, an 
allowed to stand at room temperature. At the end of half an hour e 
stopper was removed and the precipitate filtered and washed with the ai 
of suction. Three 10 ml. portions of distilled water, two 10 ml. portioi^ 
of 95 per cent alcohol, and two 10 ml. portions of ethyl ether were 
in this order. When the precipitate was dry the filter was care ^ 
removed from the suction flask, wiped dry on the outside, and place m ^ 
vacuum desiccator. After 30 minutes, the precipitate was weig e 
four decimal places on an analytical balance. 


discussion 

The weight of precipitate was determined for amounts of 
we tom 1 .0 to 20.0 me. (Table I). A eteedatJ solul.oa «f 

I Yycor or vitreosil dishes are suitable for this purpose. 
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Table I 


Recovery of Potassium from Standard Solutions by Direct Precipitation with Ag 

Coballinilrite 


Amount o( K. 

Weight of ppt. 

Average weight of ppt. 

Calculated per cent E 
in ppt. 


mg. 

mg. 


1.0 



11.63 


8.8 


11.36 


8.8 


11.36 


9.0 


11.11 


8.8 


11.36 


8.1 


12.35 


9.2 

8.76 d = 0.33* 

10.87 

2.0 

17.4 


11.49 


17.3 


11.56 


16.2 


12.35 


17.3 


11.56 


17.9 


IZ . 17 


17.3 

17.23 d = 0.3 

11.56 

3.0 

26.4 


11.36 


25.8 


11.63 


26.1 


11.49 


25.9 


11.58 


27.1 


11.07 


26.3 

26.27 ± 0.41 

11.41 

4.0 

34.4 


11.63 


34.2 


11.70 


35.0 


11.43 


34.4 


11.63 


33.1 


1 12.08 


33.8 

34.15 ± 0.59 

' 11.83 

8.0 

67.5 


11.85 


69.1 

1 

11.58 


69.0 


11.59 


69.3 


11.54 


69.1 


11.58 


68.0 

68.67 ± 0.67 

11.76 

12.0 

102.9 


11.66 


102.9 


11.66 


101.0 


11.88 


101.4 


n . S 3 


101.1 


11.87 


99.0 

101.38 ± 1.33 

12.12 

16.0 

135.6 


11.80 


135.6 


n.so 


139.0 


11.51 


138.4 


11.56 


135.3 


11.83 


136.5 

136.73 ± 1.38 [ 

11.72 
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Table I — Concluded 


Amount of K 

Weight of ppt. 

Average weight of ppt. 

Calculated per cent K 
in ppt. 

mg. 

mg. 

ms. 

inmiiiiiiii 

20.0 

167.7 




167.9 




168.7 


11.86 






166.2 




168.1 

167.12 ± 1.43 

11.90 


Mean 


( 


Probable error 

'' ** of mean « 


0.6745(r \ 

Vn ) 


11.66 

±0.28 


* Standard deviation from the mean, a » 



Fig. 1. Mean weights of precipitates for different amounts of potassium (six to 
seven determinations at each level) (see Table I). 

sulfate was used. Fig. 1 shows that the weight of precipitate is proportion^ 
to the amount of potassium used, at least through the range of 1.0 to 1 • 
mg. In the determination of a factor for use in calculation it 
that in general the proportion of potassium to precipitate increases s ig ^ 
as the amount of potassium is increased. This fact necessitates t e us 
of special factors for aliquots which are low (1.0 mg.) or high (16 to ^ • 
in potassium, if a high degree of accuracy is desired. The mean ac . 
0.1166 appears suitable for the estimation of urinary potassium un er 
circumstances. 
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In Table II are shown the results of determining the potassium content 
of standard solutions after evaporation and ashing as described for urine. 

Table II 


'Recovery of Potassium from Ashed Potassium Sulfate Solutions {Factor = 0,1168) 


Maximuin 
tanperature ot 
ashing 

Total amount 
of K ashed 

Theoretical K 
content of 
aliquot used for 
determination 

Calculated 
amount of K 
recovered 

Per cent 
recovery 

Average per 
cent recovery 

•c. 

mg. 

mg. 

mg. 




8.0 

1.6 

1.64 

102.5 





1.63 

101.9 





1.47 

91.9 





1.53 

95.6 





1.71 

106.9 





1.66 

103.8 





1.62 

101.3 





1.54 

96.3 

lOO 

*727 

8.0 

1.6 

1.55 

96.9 





1.47 

91.9 





1.59 

99.4 1 





1.48 

92.5 ’ 





1.50 

93.8 





1.40 

87.5 





1.48 

92.5 

93.5 

540 

20.0 

4.0 

4.07 

101.8 





4.05 

101.3 





4.06 

101.5 





4,10 

102.5 

101.8 

727 

20.0 

4.0 

3.93 

98.3 





3.92 

98.0 





3.96 

99.0 





3.92 

98.0 

98.3 

540 

40.0 

8.0 

7.98 

99.8 





8.19 

102.4 





8.01 

100.1 





7.89 

98.6 





7.86 

98.3 





8.08 

101.0 





7.81 

97.6 





7.96 

99.5 



i 


8.00 

100.0 

99.7 

727 

40.0 

8.0 

7.86 

98.3 





7.82 

97.8 





7.78 

97.3 





7.82 

97.8 

97.8 


The recovery valups, in general, were within 2 per cent of the theoretical. 
Table II also shows that the recovery was lower when a higher temi)erature 
Ci2r) was used for ashing. 










292 


DETTEmUNATION OF URINARY POTASSimi 


Table III 

Gravimetric Chloroplalinate and Silver Cohaltinitritc Methods Compared 


K in aliquot 

1 

Determined K 

1 

Per cent recovery 

Chloroplali- 

Ag cobalti- 

Chloroplati- 

Ag cobalti- 


nate 

nitrite 

nate 

nitrite 


Standard K3SO4 solution 



Standard K2SO4 solution with added elements 


Na* 16.0 
“ 32.0 

P 1.0 + Na 1.5 

Ga 0.4 + Mg 0.4 

8.0 

8.0 

8.0 

8,0 

7.88 

7.93 

7.88 

7.81 

8.17 

7.95 

8,06 

8,00 

98.5 
99.1 i 
98.5 
98.4 

102.1 

99.4 

100.8 

100.0 

Average 

7.88 

8.05 

98.6 

100.6 
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Table lll—Concludcd 



K In aliquot 

Determined K 

Percent recovery 


Chloroplati- 

nate 

Ag cobalti- 
nitnle 

Chloroplati- 

nate 

Ag cobalt 1 - 
nitrite 


mf. 

mg. 

mgm 




4.0 

3.93 


98.3 



4.0 

3.93 


98.3 

98.5 


4‘.0 

3.97 


99.3 

mSSm 


4.0 


4.03 



Average 

3.96 

4.00 

99.1 

99.9 


* Added as NaiSOi, Na2HP04-12H30, CaS04, MgS04, respectively; the amounts 
represent mg. in the aliquot. 


Smi. 



Fig. 2. Daily urinary excretion of potaaaium in two normal human subjects 

In Table III are shown results on the recovery of potj^ium ^ded ro 
urine. The error in recovery tvith the silver cobaltinitrite method wm 
generally less than 3 per cent. Table III also shows a comparison ® ® 

present method with the gravimetric chloroplatinate method esen e 
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by MacKay and Butler.= The results obtained by the two methods 
wth standard solutions, with urines and ivith known amounts of potailm 
ed to urines, are m good agreement with each other. Usually the two 

most part, within 2 per cent of the theoretical values 
for stimdard solutions of potassium sulfate and for known amounts of 

r Jf obtained with the chloro- 

platma^e method are slightly lower than with the silver cobaltinitrite 


Table IV 

DeCerminaiion of Potassium iu Tissues. Chloroplatinale and Ag Cobaliiniirite 
Gravimetric Methods Compared 


Rat tissue 

Fresh weight 
of sample 

Cobaltinitrite 
(to ml. aliquot) 

Chioroplatiaste 



K 

Size of aliquot 

K 

Heart 

Liver 

Gastrocnemius muscle 

sm. 

1.1306 

1.2575 

3.3405 

3.9173 

1.1912 

1.0910 

WX. per xw. 

2.63 

2.48 

2.92 

3.21 

3.91 

4.03 

ml. 

7 

5 

5 

5 

5 

7 

Per xw. 

2.66 

2.42 

2.S8 

3.24 

3.84 

3.93 


A' HjSOi were added to each tissue sample in a vitreosil evaporating 

^ 4 . K <no • 2 hours on the steam bath, the samples were ashed over- 

njgut at 540 m a muffle furnace. Each ash was dissolved in 20 ml. of distilled water 
an tere . Aliquots as indicated w’ere used for the determinations of potassium. 


In Table III data are also included which indicate that the concentrations 
of sodium, magnesium, calcium, and phosphorus which ordinarily occur 
in urine do not interfere with either method. 

Several hundred determinations on human urines, not included in this 
report, have provided a basis for judging the method as suitable for routine 
analysis. The daily excretion levels of potassium found in two normal 
subjects are illustrated in Fig. 2. These subjects were maintained on a 
constant potassium intake, the daily diet containing, by analysis, 3.27 gm. 
of potassium.^ The determinations for these two subjects show average 
daily excretion values for 11 successive days of 2.84 and 3.02 gm. respectively. 


*C/. (7),p. 729. 

* 1 day’s food supply as served, including fluids, was weighed and reduced to a 
homogeneous mass by means of a Waring mixer. A 25 gm. aliquot of the diet was 
ovapotaledin the presence of sulfuric acid, ashed in a muffle furnace, extracted, and 
Mialyied as described for urinary potassium. 
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The maximum variation from the mean was 0.46 gm. The idiscrepancy 
between intake of potassium and recovery from urine is undoubtedly due 
to loss of this element in feces and perspiration. 

The procedure here described is more convenient and less time consuming 
than the gravimetric chloroplatinate method. It elimmates the necesaty 
for evaporating aliquots of the ash extract to drjmess, for extracting the 
precipitated chloroplatinate ndth aldehyde-free 80 per cent ethyl alcohol, 
as well as the transfer of precipitate to a filter. If one uses a o i^. aliquot 
of urine and, after evaporation, ashes over an open fl^e, it is POf jb ® 
to complete a potassium analysis within 2 hours after the ume is voided. 
Ashing in a muffle furnace at a low temperature is preferable as it elim- 
inates the error produced by spattering and the possibility of a temperature 
sufficiently high to volatUize a significant amount of poti^ium. 

Preliminary results (Table IV) indicate that this method is apphcable 
to the analysis of tissues such as liver and muscle. 

SUMMARY 

It has been shown that, under prescribed conditions ratio 

potassium silver cobaltinitrite precipitate is m re a ry® ^ 
io the emomt ot potasium in the selution thus 

has been used as the basis for a gravimetric me o ° ^ kno^sTi solu- 
and tissue potassium. The method gives recove^ ya ue ^^dues A 
ti.,» that ate generally tvithin 2 per catt of the ^e 

satisfactory agreement was found between t e res s 
gravimetrii cUoroplatinate and shver eobaltuntnle methods Tto d^y 
potaadum excretion ryas determined on Ko nomral subjects mamtamed 
on a constant potassium intake. 
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EFFECT OP ALTITUDE ON EXCRETION 


of 18,000 feet of altitude; this pressure was maintained for 1 hour, and 
another half-hour was required to restore atmospheric pressure in the 
chamber. The entire exposure occupied 2 hours. This procedure was 
continued for 8 weeks followed by a week without exposure. 

During the control period and for the first 6 weeks of the exposure period, 
the 24 hour excretion of sodium, potassium, and chloride was determined 
three to five times per week. In order to determine whether or not the 
exposure to high altitude produced any immediate effects on electrolyte 
excretion, a series of tests was made on 2 hour urine specimens collected 
before, during, and after exposure. Similar collections were made at iden- 
tical times on days when no exposure occurred. The specimens were 
collected for the periods from 7.00 to 9,00 a.m., 9.00 to 11.00 a.m., and 

11.00 a.m. to 1.00 p.m. The subjects were allowed no breakfast on the 
days these tests were made and luncheon was postponed untU after the 
final collection at 1.00 p.m. On the exposure days, the 2 hour period 
between 9.00 and 11.00 a.m. covered the complete exposure: ascent to 

18.000 feet, 1 hour at this altitude, and descent. 

Ajiahjlical Methods 

Sodium was determined according to the uranyl zinc acetate method 
of Butler and Tuthill (4). The potassium content of the urine was 
determined by a gra\Tmetric procedure after precipitation as silver co- 
baltinitrite. The details of this method are presented elsewhere (5). 
Chloride determinations were made by the Yolhard-Harvey tliioc 3 "anate 
titrimetric method (6). 

Results 

The average daily quantities of sodium, potassium, and chloride ex- 
creted by each subject during the control period were compared with t e 
average daily excretions on the days when exposure occurred, ‘ 
with the average excretions on the days during the same period when t ere 
was no exposure. This comparison is showm in Table I. It is app^en 
from these data that exposure to 18,000 feet of altitude produce 
change in the average 24 hour excretion of sodium, potassium, ^d c ’ 
The data obtained from analysis of the 2 hour urine collections in ic ^ 
some immediate effect of altitude on the excretion of electrolytes. ^ 
presents the findings obtained from three separate tests, each 
of analyses made on 2 successive days; on the 1st day no exposure occ 
and on the 2nd day exposure occurred between 9.00 and 
values sho^vn on the graphs represent the average values for ^ 
jecte. Individual values are not shown, since ax- 

was qualitatively uniform. The average quantities of ele y 
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ere ted and the average urine volumes during each of the three 2 hour 
periods on the exposure and npn-exposure days are sho\vn. In general, 
the excretion of sodium, potassium, and chloride was increased during the 
tho second 2 hour period, f.c., from 9.00 to 11.00 a.m., whether or not 
exposure to reduced pressure occurred at this time. The increase in 
e.xcretion of electrolytes was greater, however, when exposure occurred. 

During the third period (11.00 a.m. to 1.00 p.m.) e.xcretion of sodium, 
potassium, or chloride on the non-exposure days w’as never below the 
e.xcretion level during the first period (7.00 to 9.00 a.m.), but was usually 


Table I 


Average $4 Hour Excretion of Sodium, Potassium, and Chloride in Six Subjects 


Subject No. 


Control period 



sm. 

I 

Na 

4.53 


K 

2.53 


Cl 

7.50 

II 

Na 

4.42 


K 

2.53 


Cl 

6.89 

III 

Na 

4.28 


K 1 

2.68 


Cl 

7.02 

rv 

Na 

4.64 


K 

2.73 


Cl 

7.36 

V 

Na 

4.98 


K 

3.04 


Cl 

7.83 

VI 

Na 

4.84 


K 

2.93 


Cl 

7.61 


Experimental period 


Exposure days 

Non-exposure days 

gm. 

gm. 

4.59 

4.63 

2.27 ! 

2.92 

7.46 

7.93 

4.88 

4.92 

2.44 

2.82 

7.70 

7.98 

4.30 

3.81 

2.34 

2.52 

6.77 

6.38 

4.71 

4.86 

2.63 

3.09 

7.62 

8.13 

4.57 

4.69 

2.76 

2.86 

7.26 

7.55 

5.16 

5.38 

2.64 

2.77 

8.10 

8.76 


liigher. On the.exposure days the excretion during the post exposure period 
(11.00 a.m. to 1.00 p.m.) was generally lower than during the preexposure 
period or returned to the same level. 

In all three tests the quantity of electrolytes excreted during t e tune 
of exposure (9.00 to 11.00 a.m.) was greater than the quantity excreted 
in any of the 2 hour periods on the non-exposure days. In Table t e 
total amounts of the electrolytes excreted during the entire 6 hour peno 
are shown for the exposure and non-exposure days. In spite of the ^ 
excretion during the second 2 hour period when exposure occurred, the 
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Fig. 1. Daily urinary excretion of potassium in two normal human subjects, e 
suits of three separate tests showing average excretion of electrolytes and ^ 
six Bubj‘ect3 during 2 hour periods on 2 successive days. On the 2Dd day of ^ 
(black bars) the subjects were exposed to a reduced pressure equivalent to 18, Wt/ 
of altitude for 1 hour (indicated by the arrow). 
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totals for the 2 clays are similar, indicating that the greater reduction in 
excretion during the post exposure period compensated for the greater 
increase during the actual exposure. 

During the first 2 hour period, from 7.00 to 9.00 a.m., the excretion of 
electrolytes was slightly lower on the exposure days. The possibility 
that apprehension concerning the coming exposure may have been respon- 
sible for this effect is the only explanation which presents itself. 

The urine volume on the non-exposure days showed no consistent changes 
during the three 2 hour periods. On the days when exposure occurred, 
the volume was consistently greater during the actual time of exposure 
(9.00 to 11.00 a.m.). As with the electrolyte excretion, the urine volume 
during the 7.00 to 9.00 a.m. period was consistently lower on exposure days 
than on non-exposure days. 


Table II 


Test No. 


II 


III 



Non*exposure day 


gm. 

Na 

1.216 

K 

0.975 

Cl 

1.857 

Na 

1.073 

K 

0.874 

Cl 

1.968 

Na 

1.436 

K 

0.907 

Cl 

2.249 


Exposure day 


gm. 

1.101 

0.8*20 

2.022 

1.049 

0.780 

1.886 

1.149 
0.919 

2.150 


DISCUSSION 

From the results of the 6 hour tests (7.00 a.m. to 1.00 p.m.) it was found 
that in our subjects the maximal excretion of electrolytes occurred between 
9.00 and 11.00 a.m. Leathes (3) reported an increase in alkali excretion 
during the morning hours and Norn (7) found that the peak of so 
potassium, and chloride excretion occurred 3 to 6 hours after rising m t e 
morning. Norn also established the fact that the increased excretion was 
definitely correlated with increased bodily activity. v.- f 

The 9.00 to 11.00 a.m. period increase in mineral excretion m our subjects 
was augmented by maintaining the subjects at a reduced pressure equiva en 
to 18,000 feet of altitude during a portion of the morning. Bryan 
Richetts (8) found essentially no effect of altitude on electrolyte ex<^etion 
except for a slight increase in potassium excretion in two of four su jec 
In our subjects the urine volume also show’^ed an increase during t e ime 
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of exposure. The increased elimination of ^Yate^ might be regarded as the 
cause of the increased excretion of electrolytes, z.e., a ^vaslung out phenoni' 
enon. However, since the urine volume on the non-exposure days showed 
no consistent relation to electrolyte excretion, the increased eliiuinatioa 
of water cannot be considered the sole explanation for the increase in 
electrolyte excretion during the exposure to reduced pressure. 

The increased excretion of electrolytes cannot be explained as due to 
altered adrenal function inasmuch as sodium and potassium behaved 
similarly. The obseiwed increase may be the result of altered metabolism 
or cell permeability secondary to tissue anoxia or the result of an excessive 
loss of carbon dioxide secondary to hyperventilation. 

The reduced excretion following exposure may be regarded as a compen- 
satory mechanism acting to restore a balanced state vdth respect to the 
electrolyte content of the body. This view is supported by the fact that 
the 24 hour excretion values were unchanged by exposure to reduced 
pressure. Whatever adaptive mechanism is involved in the maintenance 
of electrolyte balance apparently was unaltered by the conditions of the 
experiment: the degree of anoxia resulting from exposure to a pressure 
equivalent to 18,000 feet of altitude, the length of time each exposure 
lasted (1 hour), the frequency of exposure (three times weekly), and the 
period of time during which the exposures were repeated (8 weeks). 

SUMMARY 

Exposure to reduced pressure, under the conditions of the experiment, 
caused a temporary rise in the excretion of sodium, potassium, and chloride. 
Following exposure the excretion of these electrolytes was compensatorily 
reduced so that total excretion during the 24 hours ^Yas not altered. A 
temporary rise in urine volume was also found to accompany exposure. 
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^licrobiological tosts have aided greatly in the isolation work on Lacto^ 
bacillus casei factor/' demonstrated by Snell and Peterson in 1940 (1), 
and “folic acid," the nutrient required by Streptococcus laciis R as de^ed 
by Mtchell el al (2). It seems hkely that bacterial assays will continue 
to play an important role in the study of these compounds, since develop- 
ment of chemical methods has been hampered by insufficient pure matenal, 
and animal tests are rather cumbersome and are complicated by intestm 

synthesis, ^ i j 

Assays in 'which Streptococcus lactis R and Laciohacillus casei are emp oye 
have been described by Snell and Peterson (1), IVIitchell and SneU (3), 
Landy and Dicken (4), and Luckey et al (5). The Streptococ^ lactis R 
turbidimetric method of Luckey et al.y has been found to pro uce re a e 
results, and the medium has been modified only to allow more aci p^ 
duction. In the case of Laciohacillus casei, reliable assays Jf 

obtained with media that have been published heretofore. This report 
presents modifications w^hich have rendered the assay sa ac ory m our 


-i. r 4-U 

The effect of the method of preparing samples on their activity for t e 
microorganisms is not discussed, nor is there any comparison o ^ 
activity wth animal tests. It is apparent that the present s u ^ 
fimdamental aspects of the microbiological assays are necessary 
tate the solution of these larger problems. 


EXPERIilENTAL 

It was decided to use titrimetric assays, because 
samples do not affect titrations seriously. Furthermore, i ra , . 
simpler equipment and are considered more varia- 

measurements by some workers. With this method, drif ( 
tions in values obtained according to the portion o t e curve 
also more likely to show up. _ 

* Published with the approval of the Director of the Wisconsin Agricultura 
periment Station. . fnr the crystal* 

We are indebted to Parke, Davis and ^°®P“^^^j^^PoUard’ for testing the 
line vitamin Be used in these studies and to ^Irs. Wiliiam 
modified media in the analysis of foods. 
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and the general appearance of most of the curves obtamed was not such as 
to inspire confidence in results obtained through their use. Most impor- 
tant of all, in the assay of whole liver substance with solubilized liver 



Fig, 1. The effect of buffers on acid production by SlrepiococctLS laciis R. In all 
es the medium was adjusted to pH 6.8 with NaOH or HCl. 2 mg. of grass juice 
powder, 2 mg. of whole liver substance, and 10 mg, of KiHPO* were added to 
each tube. 


Table II 

pH Values of Streptococcus laciis R Media Containing Various Conccniraixons of 

Lactic Acid 


O.l N lactic acid per 

Media 

10 cc. medium 

MitchelUSnell 

Luckey ct at. 

Present medium 

CC. 1 




0 

6.9 

6.9 

6.9 

1 

5.8 

6.3 

6.7 

2 

5.3 

5.9 

6.5 

4 

4.9 

5.1 

6.2 

6 

4.6 

4.6 

5.S 

8 

4.4 

4.3 

1 5.5 

10 

4.2 

4.2 

5.2 

12 

4.1 

4.1 

5.0 

15 

3.9 

4.0 

4.7 

20 

3.7 

3.8 

4.5 


extract as a standard, a gradual drift from 170 to 85 per cent po ency 
observed as calculations were made from higher portions of the 
The addition of alanine, p-aminobenzoic acid, and a peptone p 
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tion treated wth norit has eliminated these difSculties. Alanine was added 
because of the stimulatory action reported by Snell (8), while 2>-umino 
benzoic acid was added merely as a protective measure. The peptone 
treated with norit is a critical factor. It should be tested to determine 
its effect on the blank titration and the maximum amoimt which does not 
cause an excessively high blank is then included in the medium. This 
amount usually lies between 1 and 3 mg. per tube. Since the upper limit 



2. Acid production of Sirepfococcua laclh K in responao to gra4ed iuuounta 
of vitamin Be. 



Fiq. 3, Acid production of Lactobacillua caaci in responao to irnidod amouuta of 
vitamin Be 

^ the curve is quite high, we do not consider a blank of 2 to 3 cc. oxccssivo. 

ig. 3 shows a typical acid production curve obtained with Lactobacillus 
caseij with vitanun B,, as a standard. 

side'' assays in which vitamin Bo was compared with solu- 
e liver extract, wide ranges of potency were found with curves ob- 
tamed with three d^erent media. These are tabulated in Table III. In 
e case of the media of Mitchell and Snell and of Luckoy ct aLy duplicaio 
ra ions at the same level of added supplement agreed fairly well, but 
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values obtained from different levels of added standard showed a pro- 
nounced drift. This diifficulty has not been encountered ivith our medium 
and, furthermore, whole liver has been assayed with vitamin as a 
standard without interference from drifts. 

Although our medium has been successfully emplo 3 ’’ed in the analysis of a 
large number of natural materials, it is not unlikely that certain samples 
may have to be subjected to ether extraction or some other procedure to 
prevent drifts. 


Table III 

Vilamin Be Content of Solubilized Liver Extract 43 Obtained with Lactobacillus casei 


and Three Different Media 


Medium 

Range of \ aloes 
obtaiDca from \anou5 
portions of curves 

Mitchell -Snell 


Luckey el al 


Present medium.. , . . .. 





Table IV 


* Vitamin Be Conient of Ifiscellaneous iUa(enai3 
The liver powders were assayed directly and the other samples were treated with 
taka-diastase. 



Strefiiac^cus 
laritJ R 

c&sn 

Solubilized Liver Extract I 

y per im, 

llA 

7 per xm. 

25 

r< <1 yy 

8.4 

23 

Whole liver substance 

13.5 

20 

1:20 liver powder 

15 

7.3 

Beef liver, fresh....... . 

0.97 

O.SO 

Rat ** 

O.Sl 

0.82 

Linseed oil meal 

! 0.43 

0.45 



— — 


When the blank is low, a sigmoidal curve is occasionally 
Lactohacillus casei. This may be eliminated by setting the basal m 
at pH 6.0 to 6.5 rather than pH 6.8 to 7.0. When enough peptone 
tion is added to bring the blank titration to 2 cc. or more, sigmoidal cu 

are not obtained. ^ j * r hie IV- 

The vitamin Be content of several materials is reported in a 
The authors feel that the expression of ‘*foUc acid*' or ^^Laciobaci us 
factor" potency should be in terms of some crystalline compoun * 
variation in potency of solubilized liver extracts as measure Y 
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COCCUS laclis R emphasizes this need. In the present studies, vitamin Be 
has been used because of its availability and because very small amounts 
are needed to produce a response by either organism. For the latter 
reason, it is probably a more convenient standard than some of the other 
“folic acid” compounds that have been isolated (9). 

DISCUSSION 

Collaborative studies within our laboratory and with other workers have 
convinced us that, mth any particular medium, essentially the same values 
are obtained \vith either turbidity or titration measurements, provided 
the sample itself does not interfere with turbidity readings. However, 
with respect to the detection of drifts, turbidity measurement as ordinarily 
employed does not subject a medium to as severe a test as measurement of 
acid production. 

It would of course be far preferable to use pure materials instead of the 
peptone preparation in the basal medium. However, the present stuches 
are being reported because it may take considerable time to determine 
what the stimulatory substances are. 

The modifications reported in this paper have been employed^ in our 
laboratory for the routine analysis of a number of foods wdth consistently 
good results. 


SUMilARY 

1. The Streptococcus laclis R medium of Luckey et_al. (5) ha3 been modi- 
fied to allow more acid production and thus make it more suitable for 
titrimetric assays for “folic acid.” 

2. The use of previously described media for “Lactobacillus casn’’ a^ay 
of “Lactobacillus casei factor” gave unsatisfactory results. The difficifities 
have been eliminated by providing additional supplements in t e as 
medium. 
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The possibility that choline exerts lipotropic action through its intro- 
duction into newly formed lecithin molecules is an attractive hypothesis for 
which there exists some supporting e'vddence (1-3). Inositol, which is also 
a constituent of phospholipid (4, 5), may possibly exert its effect in the 
same way. McHenry and Patterson (6) have already suggested this po^- 
bility. If these two substances actually do lower liver fat by virtue of their 
incorporation into phospholipid molecules, then essential fatty acids, which 
also constitute integral parts of certain phospholipids, might similarly be 
required before choline and inositol could exert their effects, or be necessary 
to produce maximal lipotropic action. 

About the time that experimental work was started to test these points, 
Engel published a paper (7) in which he mentioned the relation of the es- 
sential fatty acids to the lipotropic action of choline. His motives for 
carrying out this particular investigation differed from those which initiated 
the present study, Engel had found that p 3 Tidoxine is necessaiy for 
choline to exert its full lipotropic effect, and because of the complementary 
relationship of p 3 rridoxine and essential fatty acids in the cure of rat acro- 
djmia (8, 9) he was prompted to examine the possible influence of essential 
fatty acids on the lipotropic action of choline. Engel fed 0.1 ml. of com 
oil to each test rat daily. This supplement did not alter the lipotropic 
effect of choline in short term experiments (3 weeks), but did augment the 
latter's action in an experiment of 8 weeks duration. Im a recent publica- 
tion (10) by one of us, data obtained from a small series of animals sup- 
ported this finding of Engel's. Une.xpectedly, it was also discovered that 
com oil (Alazola brand), which was fed with the object of suppling es- 
sential fatty acids, instead of augmenting the lii>otropic action of moaito 
actually obUterated it. The present paper confirms this observ'ation and 
reports more detailed analytical data for liver fat from rats on a nxim eT o 
diets similar to those utilized in the preliminary work reporte > 
Beveridge (10). 


experime^al 

Young rats of the Wistar strain were used for the feeding e.x^^ent3 
which ran 8 weeks. The fat-free basal diet consisted of the following 
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components;' casein (fat- and vitamin-free, Smaco brand) 8 per cent, gela- 
tin 12 per cent, sucrose 73 per cent, salt mixture^ 5 per cent, agar 2 per cent, 
cod liver oil concentrate (500,000 i.u. of vitamin A per gm. and 50,000 i.n. 
of vitamin D per gm. (Ayerst, McKenna and Harrison)) 0.015 per cent. 
The casein and gelatin were extracted with hot alcohol-ether. 

The B vitamins were administered daily by subcutaneous injection in 
0.5 ml. of 0.9 per cent saline; thiamine hydrochloride 50 r, riboflavin 25 r, 
pyridoxine 20 7, Ca pantothenate 100 7, nicotinic acid 100 7. The supple- 
ments, which were added at the expense of the sucrose, were given as de- 
scribed in the text. 

Series A — ^This series was planned to test the effects of essential fatty 
acids (supplied by feeding corn oil) on the lipotropic action of choline 
and inositol. Twenty young rats (23 to 35 days old) were used for each 
group and litters were divided as evenly as po.ssible among the different 
groups. The groups were also balanced Avith respect to weight and sex. 

The diets were made up fresh every 10 to 14 days. The fatty ingredients 
were incorporated by spraying them, in dilute solution in acetone, over thin 
layers of the other components, which were then thoroughly mixed with a 
spatula until all odor of the solvent had disappeared. Further mixing was- 
done by crumbling the mass by hand. The diets were stored at 4° in tightly 
closed containers. The animals were fed ad libiliun. 

With the exception of Groups 6B and 7B individual liver fat was deter- 
mined in the usual way by saponification, acidification, and extraction of the 
fatty acids^ with petroleum ether. The livers of Groups 6B and 7B were 
pooled and the fat was extracted essentially according to the methods de- 
scribed by ilrtom and Fishman (12). Iodine numbers were determined 
according to the method of Rosenmund and Kuhnhenn as modified by 
Yasuda (13). Phospholipid was estimated by multiplying the total 
phorus of the lipid fraction by the Artom and Fishman (12) factor 22. , 
cholesterol was determined gravinietrically as the digitonide. Detaus 0 
the supplements and the analytical findings are given in Tables I ^ 

Series B — Since the results of Series A had shown that, under t e con 


^The composition of the basal diet, as described in the preliminary 
is confused by a typographical error. The words “12 per cent casern s ou 
deleted. .oe /ji) 

-The salt mixture used was one based on the McCollum Salt fix 
modified according to the best available data concerning the minera 
growing rats. The composition, in gm. per 100 gm. of salts, is w 0 18 76, 

(5H=0)35.15, CaCO,5.28. Ca(H=PO.).-H.O l^-60-K»HPO.6 45 NaHaPOy 
NaCl 9.34, MgS04(anhydrous) 7.19, ferric citrate (SHjO) 3.19, IVlnSO* 
ZaS04-7H,0 0.035, CuS04-5H,0 0.039, KI 0.00039. liv.r fatty acids," 

• The material extracted, which is usually referred to as cru 
contains also the unsaponifiable matter. 
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ditiona used, the mclusion of com oil obliterated the lipotropic actioa of 
iaositol, the effect of a saturated fat (free of essential fatty acids) was also 

Table I 

Effect of Corn Oil on Lipotropic Action of Choline and Inositol, Series A 
Groups of twenty rats, average weight 62 gm.. were fed experimental diet for 
8 weeks. — 

1 Fatty acids 

>3.. Change in as per cent 

Average 


pcrctiif 

, xr fu n U +24 7.8 23.4 

1 None (basal) J . , 

2 Cholme chloride (0.5) 

3 Lo.,..,! (0.3) « ™ 

4 Corn oil (l.O) ^ » ^2 

5 (1.0) + inositol (0.3) 11 +33 3,7 27, 

6A “ '■ (1.0) + choline chloride (0.5) 17 +112 0- • 

7A ** (1,0) + choline chloride (0,5) + 10 +105 0,8 

inositol (0.3) „ g 4 5, 

6B S^e ^ Group 6A +89 | 9.7 3.6> 

•Total lipids extracted from the pooled “^ers by alcohol and alcoho+e^^^^^ 
gave values for Group 6B of 6.3 and for Group 7B of 4. per cen 
Aliquots of these extracts were used for determination of 
usual way by saponification, acidification, and extraction wi p 

Table II 

Composition of Fats from Pooled Livers, Series A 

The values are expressed as per cent*of fat-free, dry liver Group 

liver residue weight of original w^et weight was 22.15 in Group 


ChoJesterol 


Group No. I Total Hpld* I Fhospholipidf I 


Giycridri 


calculated 
as oleatc 


• The iodine number of Group 6B was 81.3 and of 

t Calculated from P in total lipid (chloroform-soluble P , , , ggters. 

t Esterified cholesterol X 1.68 assumed to give the weight of cholesteryl 
§ By cBfference, 

determined. At the same time the effect of this fat was ^ 

that of com oil on the lipotropic action of choline. In or er 
complicating factors due to differences in food intake, all gr 
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from lipid determinations on livers of markedly variable fat content. Re- 
sults have been most commonly expressed as a per cent of the wet weight of 
liver. The variability of water content of the liver with age and with the 
degree of infiltration of fat may not only conceal changes which have oc- 
curred in the absolute amounts of the lipids present but may also lead to 
quite erroneous conclusions. Beeston, Channon, and Wilkinson (17) have 
advocated expressing results as gm, of lipid per 100 gm. rat; z.e., liver fat as 
a percentage of final body weight. Since the addition or withdrawal of one 
nutrient often may have a marked effect on body weight without a cor- 
responding effect on the liver, the objection to this method of expressing 
data is obvious. The use of the initial body weight, while not ideal, avoids 



Fig. 1. Individual liver fat values, obtained on diets in Series A 

some of the difficulties. Some investigators (e.f/., Artom and Fishman (12)) 
have based their results on the fatrfree tissue and others (e.g., Engel ( )) 
on the moisture-free tissue. While the two latter methods constitute an 
improvement, they still leave something to be desired, since in each ease 
insufficient cognizance is taken of one large variable. The present 
believe that liver fat should be expressed as a percentage of the weig ^ 
the water-free, fat-free liver since the latter, in the absence of extensive 
cirrhosis, is a fairly true measure of the relative amounts of acti^J 
The data obtained in the present study are therefore so expresse , u 

otherwise stated. foffv acids 

The distribution of the individual values for total crude liver y ^ 
oS Series A is shown in Fig. 1 and the summarized data are presen 
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Table L The data in Table I reveal a curious phenomenon for which no 
explanation can yet be advanced. On a fat-free diet the lipotropic effect 
of inositol was definitely demonstrated (Group 3) but the addition of com 
oil (Mazola) to the diet completely prevented this action (Group 5). The 
observation was confirmed in Series B (Table IV (compare Groups 2 and 
3)). The addition of an identical amount of a solid fat (iodine No. 5), 
which may be assumed for all practical purposes to be devoid of essential 
fatty acids, had no such nullifying effect upon the lipotropic action of 
inositol (Table IV (compare Groups 2 and 5)). Obviously some material 
in the Mazola modifies the action of inositol. Since glycerides of the es- 
sential fatty acids are major components of com oil, the possibility that 
these substances are the agents responsible for the effect is a likely one, 
although this point has not yet been definitely established. 

Engel’s report (7) that com oil augments the lipotropic action of choline 
appears to be supported by the data in Table I (compare Group 2 with 
Groups 6A and 6B). Differences in the average values are not of large 
magnitude but the fact that fifteen out of seventeen individual values in 
Group 6 A are below the average value for Group 2 (see Fig. 1), coupled with 
the good agreement between the results in Groups 6A and 6B, is evidence 
that the differences are significant. The data in Table I (compare Group 
6A \yith Group 7 A and Group 6B with Group 7B) also appear to confirm 
Engel’s finding that inositol brings about a further lowering of liver fat 
when added to diets containing an adequate amount of choline, for all 
nineteen individual values in Group 7 A are below the average value for 
Group 6A. Unequivocal proof of the reality of the supplementary lipo- 
tropic effects of corn oil and inositol in diets containing adequate choline 
would require much larger groups of animals than were utilized in the 
present studies. However, such effects as were observed at the high levels 
of choline used in these experiments, although small, were in the direction 
expected from Engel’s work. 

Fractionation of the lipids from Groups 6B and 7B of Series A revealed 
that the Reduction of liver fat brought about by the addition of inositol to 
a diet containing an adequate amount of choline is due mainly to a decrease 
in neutral fat (Table II). 

Although in Series B the percentage of phospholipid in the different fats 
varied widely (6.9 to 60.6 per cent, Table V), the phospholipid levels cal- 
culated on the weight of dry, fat-free liver tissue remained practically con- 
stant in the livers of the different groups (Table VI), despite the fact that a 
number of the diets contained neither choline nor inositol and some were 
deficient in essential fatty acids. The fact that the total amount of phos- 
pholipid was relatively unchanged whether choline was present or not 
warrants further examination of the phospholipid fractions from the animals 
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Table V 

Analytical Data /or Fat^ from Pooled Livers, Series B 
The values are expressed aa per cent of total lipid. 


Croup No. 

Phospho- 

lipid* t 

Cholesterol 

Steryl esterl 

GlyccrideJ 

Iodise No. of 
toUl lipid 

Free 

Esterified 

Basal 

7.5 

0.66 

2.27 

3.82 

88.0 


1 

7.1 

0.65 

1.42 

2.39 


82.8 

2 


0.60 


3.44 

85.1 

73.4 

3 1 

6.0 

0.54 

1.43 

2.41 ’ 



4 

8.S 

0.67 

1.72 


87.6 

71.7 

S 

12.3 

0.82 

1.43 

2.41 

84.5 


6 

47.1 

2.70 


1.43 

48.8 

76.1 

7 

60.6 

3.31 

1.76 

2.96 

33.1 

68.8 


* Calculated from the phosphorus of total lipid (petroleum-soluble P X 25.2). 
t The phospholipid figures were those obtained by the method referred to as (o) 
»• the text; values by method (6) were about 13 per cent lower. However, the 
values by method (a) agreed very closely (usually within 5 per cent) with those cal- 
julated from the weight of fatty acids derived from the phospholipid precipitated 
by the method of Sinclair and Dolan (15). In this latter case, aliquots of the petro- 
leum ether solutions of the total lipids were taken to contain about equal quantities 
of petroleum-soluble phosphorus. These were evaporated to dryness, taken up in 
10 mi. of light petroleum, and treated with 175 ml. of anhydrous acetone. Pre- 
cipitation was completed by adding 0.45 ml. of cthanolic magnesium chloride solu- 
tion. The washed precipitates were saponified with 5 ml. of 0.4 n alcoholic KOH, 
acidified, and extracted with light petroleum. The weight of fatty acids X 1.48 
(see Artom and Fishman (12)) was assumed to give the phospholipid in the aliquot. 
JTho esterified cholesterol X 1.68 is assumed to give the cholesteryl ester. 

§ By difference. 


Table VI 

Nature and Amount of Liver Lipids, Series B 


The values are expressed as per cent of fat-free, dry liver tissue. 


Group No. 

Phospholipid 
(P X 25 2) 

Cholesterol 

Gl>ceride 

Free 

Esters* 

Basal 

1 

2 

3 

4 

5 

6 

7 

15.4 

18.0 

16.9 

15.8 

16.8 

17.6 

i 16.2 

1 18.7 

1.36 

1.39 

1.08 

1.21 

1.28 

1.17 

0.93 

1.02 

7.84 

6.02 

5.37 

5.55 

5.53 

3.44 

0.49 

0.90 

181 

228 

134 

209 

167 

121 

16.9 

10.2 


Calculated as oleic ester. 
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on the different diets to determine what changes, if any, have taken place 
in the choline-containing lipids. 

The amount of free cholesterol remained practically constant in all the 
groups but marked differences in the cholesteryl esters were observed. The 
average values, expressed as absolute weight of esterified cholesterol per 
liver, were as follows: on the basal diet 36.1 mg., on Diets 1 to 7, 34,4, 
24.7, 34.6, 29.5, 16.0, 2.4, and 4.0 mg., respectively. The high value found 
for cholesteryl esters on the basal diet is worthy of note. In view of the 
prominent lipotropic r6Ie which has been assigned to inositol in controlling 
cholesterol levels in the liver, it was surprising to find that on the diets used 
in these studies choline had a much more marked effect than inositol in 
reducing cholesteryl esters (Table VI, compare Groups 3 and 6). Similar 
observations were made 10 years ago when Best et al. (18) noted that, in 
rats fed a grain diet, addition of choline caused an appreciable decrease 
(33 per cent) in the glyceride content of the liver, but a much larger per- 
centage decrease (78 per cent) in the steryl esters. When 40 per cent beef 
dripping was incorporated into the grain diet. Best et al, found that the 
percentage decrease in steryl esters occasioned by adding choline was even 
greater (87 per cent). A similar but less marked decrease (59 percent) in 
steryl esters was caused by choline in grain diets containing 20 per cent of 
Crisco and 2 per cent of cholesterol. Inositol and other lipotropic factors 
were undoubtedly present but were constant in the diets under comparison. 

When inositol was added to a diet containing the ''non-essential fat,^^ 
a definite lowering in the cholesteryl esters took place (compare Groups 4 
and 5, Table VI), but when inositol was added to a diet containing com 
oil and choline, no change in steryl esters was observed (Table II), al- 
though a 41 per cent decrease in glycerides was produced. The whole 
question of the lipotropic action of inositol and the effect of the nature of 
the basal diet on its action merits further study. 

Com oil plus choline gave the lowest cholesteryl esters resulting from 
any of the diets used in these experiments (Group 6, Tables V and VI). 

The proportion of glyceride in the fats (Table V) shows very ^vide fluctua- 
tions. In general, the variations in the other lipid components appear to 
be affected to a greater or lesser degree by simple dilution with accumulating 
glycerides. While the principal action of choline upon the total amount of 
liver lipids as revealed by these studies is to reduce the glycerides, a fact 
already noted by other workers using different basal diets and different 
supplements, a similar (and in some cases even greater) proportional reduc- 
tion in steryl esters is brought about by this lipotropic agent. 

The iodine numbers (Table V) of the fats fell into the order expected of 
them, i,e,y the fats of those groups receiving com oil possessed the higher 
iodine numbers. 
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The experiments were not designed to investigate the effect of these sup- 
plements upon growth, but it is interesting to note that the animals re- 
cehdng choline grew much better and were healthier in appearance than the 
other rats. Best ei al. (19) have already noted a similar effect of choline; 
McHenry (20) has reported more extended studies of this and has discussed 
the beneficial influence of choline on groui;h. 

Scaly tail and occasionally other signs usually taken as indicative of 
essential fatty acid deficiency (21 , 22) were sometimes observed (particu- 
larly in Series A). Some of the rats receiving com oil showed similar scaly 
tails. It is worthy of note that those groups receiving choline, even in the 
absence of com oil, displayed little or no sign of the disease. The inclusion 
of “non-essential fat*’ apparently aggravated the condition, for the scaliness 
was most marked in Group 4, Series B. The real nature of the deficiency 
^observed in these experiments is not understood. The possibility should 
»t be overlooked that the various supplements used may have caused 
1 . t ‘ ir in the intestinal flora, with consequent changes in the B vitamins 
and other metabolites synthesized in the gut (23). 

The mortality of those rats ;iot receiving choline was quite high due to 
the development of hemorrhagic kidneys, A few of the sur\dving rats 
which had received no choline had cirrhotic livers (confirmed by exami- 
nation of sections) and all of them had “frosted” or badly pitted kidne}^. 

A few of the rats in the basal group of Series B, which died of hemor- 
rhagic kidneys, had also areas of hemorrhage which followed roughly the 
distribution of the pancreas. This phenomenon was not noticed in any 
of the other groups. 

Before any interpretation of the findings can be attempted, it will be 
necessary to determine whether the nullifying influence of com oil upon 
the action of inositol is due to the essential fatty acids contained therein or 
whether some other component is involved. The problem is under investi^ 
gation in this laboratory. 

The authors wish to thank Professor C. H. Best for helpful criticism and 
advice in the preparation of the manuscript. Grateful acknowledgment^ 
made to Miss M. O’Grady and Dr. C. S. McArthur for valuable help wita 
the analjrtical work involved, and to Dr. T. F. Nicholson of the Depar ^ 
of Pathological Chemistry for examining a large number of tissue sec o ^ 
Part of the expenses of this investigation has been defrayed by a gran ro 
the Banting Research Foimdation. 

SUMMARY 

1. Com oil obliterates the lipotropic action of inositol under the dieta . 
xeginien used. 
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2, Choline brings about a greater reduction of cholesterol esters than 
does inositol under the conditions used. 

3. Livor phospholipid is practically unaffected by the removal of choline, 
inositol, corn oil, or “non-essential fat'' from the diet. The addition of 
these factors singly or in pairs did not change appreciably the amount of 
phospholipid in the liver. 
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The term uroporphjTin was first used by Fischer (1) to desi^iate the 
ether-insoluble porphj-rin occurring in the urine of Petrj-, the Y 

studied case of congenital porphjTia (2-6). This s^stance ° 

ser^-ed in the feces and, until recently (7), ^vas thought to be ^xcreted o^y 
in the urine. Coproporphj-rin, as isolated from both unne and leces of the 
case Peto' (2), was ether-soluble and contained but tour carboxyl groups, 
while uroporphyrin was found to contain eight (1, 2, 5, 6). Spectroscopic 
difierences were also apparent (3). Partial decarbox-ylanon oi 
porphyrin resulted in formation of coproporphyrin (5, S), ougn i ^ 
noteworthy that the yield was small. Further study of the coproporphj^ 
thus obtained reveal^ that its configuration corresponds with etiopo^hy- 
rin I rather than III, the latter being the isomer t j-pe of the protoporph^ 
in the hemoglobin molecule (5, 9). This observation led direc > o is* 
cheris postulation of the “dualism of the porphyrins” in natine (o), a con- 
cept which Vins been amply supported by subsequent stadies oi tanous 
investigators (10-18). The foim isomeric coproporphyrii^ were synthe- 
sized (9, 19-21). Of these, only Tj-pes I and III have be^ found m 
The structure of uroporphyrin has not yet been established, the e. g 
evidence (21-23) indicating, however, that it is a tetrapropionic, tetraace c 
porphin, as shown in the accompanjdng formula. ^ 

Until 1934 the occurrence of an isomeric uroporphyrin (Type m) had 
not been reported. In that year W aldenstrom (24) reported the isolatiorto 
a porphyrin possessing uroporphyrin characteristics which upon decaibo:^ 
lation yielded coproporphyrin HI. This new compound was observed to^ e 
extracted from the urine by ethyl acetate at a pH of 3 .0 to 4.0 (gray jceaction 
to Congo red paper). Its methyl ester was found to melt at 258 . W 
denstrom (24-26) isolated this porphyrin from the urine of a large number 

* Aided by a grant from the John and Mary R. Alarlde Foundation, 
tFeUow of the RockefeUer Foundation, 1911-13. Present addreS3, Medical 
Clinic, University of Cordoba, Cordoba, Argentina. 
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of patients with so called acute porphyria (abdominal or nervous type, in 
contradistinction to the congenital or light-sensitive form). As a result of 
Waldenstrom’s studies the natural occurrence of uroporphyrins I and III 
became generally accepted. It may be noted, however, that the melting 
point was variously observed between 230-260® (27). Fischer and Hof- 
mann (28) reexamined crystalline uro ester (over 20 years old) from Petry 
urine by means of a chromatographic method, and reported the prespnce of 
a relatively large amount of uroporphyrin I (ester m.p. 302®; corrected, 
311®) and a small amount of uroporphyrin III (ester m.p. 261®, not cor- 
rected). It is noteworthy that prior to Fischer and Hofmann’s report the 

GHi-COOH 



C-iaHaaOiaN* 

Uroporphyrin I according to Fischer (21) 


melting point of uroporphyrin (Type I) had been variously reported 
between 270-285® (see (29) Table I). 

During the past 6 years two of us (C. J. W. and S. S.) have had oppor- 
tunity to investigate, in more or less detail, material from fifteen cases o 
porphyria. This number includes four patients with latent porphyria an 
one‘ with congenital porphyria (light-sensitive type). The remjun er 
belong to the category which is perhaps best designated as the interim 
acute type, in which abdominal or nervous manifestations are 
Some reference to these patients and to isolation of uroporphyrin from e 
feces has already been made (7, 11, 30). The present 
deal only with the isolation and purification of uroporphyrin I an 
denstrom’s uroporphyrin, as these substances have occurred m ce 
cases of the series. 

1 Urine samples from this patient were made available to us through the c 
of Dr. Peachey and Dr. W. H. Strain of Kocheater, New York. 
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Materials and Methods 

The present material included urine from Cases 4, 5, 9, 14, and 15 of the 
above series, and feces and bile (duodenal drainage) from Case 15. Crys- 
talline porphyrin esters previously isolated from Cases 1, 4, 5, but not 
previously subjected to chromatographic analysis, were further studied. 
Thus, uroporphyrin esters isolated from the urine and liver of Case 1 in 
1938, from the feces of Cases 4 and 5, and from the urine of Case 5 in 1941, 
all crystalline, had been kept in the dry state during the intervening period 
and were available for study . Crystalline uro ester isolated from urine by 
Grinstein in 1940 (31), in a case of porphyria studied in Cordoba, Argentina, 
was also available. A small amount of uroporphyrin ester isolated in 1940 
by Turner (18) was kindly sent to us by him. As will be noted 
subsequently, this sample was of particular interest, since it melted at 296° 
(corrected), a melting point also observed for the same sample in Fischer^s 
laboratory.^ 

All of the chromatographic techniques thus far employed for the isolation 
of porphyrins from the urine or feces have deviated from the original Tswett 
method (32) in that so called “flowing” chromatography was used rather 
than actual division of the column into the component zones of the chroma- 
togram. The “flowing” technique signifies elution of each band separately 
by means of the same or a series of different solvents. This technique was 
employed in our earlier studies, with AI2O3 or talc as recommended by 
Waldenstrom, and by Fischer and Hofmann. Subsequently it was found 
that precipitated CaCOs, Jis used originally by Tswett, has several 
advantages. We first noted its usefulness in ijuiifying protoporphyrin (33). 
When Zechmeister-Cholnoky tubes (32) were employed, CaCOa was used 
for the chromatographic separation of porphyrins from urine, feces, and 
other sources.^ Up to the present we have used either Cenco or Merck 
precipitated CaCOs. While there is no reason to doubt that any pure 
CaCOa would be equally satisfactory, it would be necessary to determine 
the chromatographic behavior for the new brand before conclusions could 
be drawn. In the present study CaCOa, Cenco, U. S. P. precipitate pow er 
was used throughout. The use of CaCOa, in addition to being most 
economical, has permitted separation of mixtures hitherto regarded as en- 
tities, as will be noted in the following. 

The isolation procedure has been simplified considerably. T lat or t e 
feces has already been described (7) up to the point of the present chromat^ 
graphic method. The urine is acidified with glacial acetic acid to a p 
range of 3.0 to 4.0, after which considerable talc is added. The mixture is 


* Personal communication from Dr. Turner. 

’ We are grateful to Professor L. Zeohmeister. California Institute of Technologj , 
for advice and suggestions with respect to the method used. 
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shaken thoroughly and the talc, with the adsorbed porphyrin, is collected 
by filtering on a large Buchner funnel. If insufficient talc is used for the 
amount of porphyrin present in the sample, then absorption hands of the 
porphyrin-metal complex (578, 539 mp) will be observed in the filtrate, in 
which event it is shaken with more talc and again filtered. The talc is 
tamped and dried by suction on the funnel, and then removed and 
powdered, after which it is placed in an Erlenmeyer flask and covered with 
an excess of methyl alcohol previously saturated in the cold wth HCl gas. 
After standing overnight, the methyl alcohol-HCl is filtered from the talc 
on a sintered glass filter. The talc is repeatedly washed on the funnel with 
methyl alcohol-HCl, and finally Avith CHCb until the filtrate is colorless. 
The comparable extract of the otlierwise untreated feces, as previously 
described (7), is filtered on a Biichner funnel. The filtrate as obtained from 
either urine or feces is mbced with an equal volume of CHCb in a separately 
funnel and is then washed repeatedly with distilled water, each time with 
several volumes. Next it is washed three times with 10 per cent ammonia 
solution and three times with 7 per cent NaCl solution. It is then filtered 


through CHClrmoistened paper, and concentrated to dr 3 naess on the ^yate^ 
bath. The residue is dissolved in benzene, or, if the amount of porphyrin is 
small, in benzene with a small amount of petroleum ether. In some in- 
stances it is necessary to use a drop of CHCb first in order to dissolve the 
residue in benzene. The petroleum ether increases adsorption on the 
CaCOa, but has the disadvantage of precipitating the porphyrin if much is 
present, or if the petroleum ether is used in too high a proportion with the 


benzene. The porphyrin residues from the feces are more soluble in petro- 
leum ether, presumably owing to the presence of impurities. For these 
residues, therefore, a benzene-petroleum ether (1 12) mixture was used. In 
general a mixture of benzene-petroleum ether (3 1) was used for the residues 
from the urine. The boiling point of the petroleum ether used was 30^ • 
Development of the chromatogram from the urine is best effected wit 
benzene alone or with benzene-CHCb (10:1). When the urine was i^ed 
directly, as above, benzene alone was employed in most instances. I 
porphyrin extracted from the urine with ethyl acetate, according to W 
strom (24“27), was used as starting material, benzene-CHCh (10:1 to 
was used. Development of the primary chromatogram of the feca 
phyrins was carried out with benzene-petroleum ether (1 :2); 
chromatograms, with benzene alone or benzene-CHCh (10:1). i ® 
of preparing the column and the chromatogram are exactly as 
the original Tsvvett method with Zechmeister-Cholnoky tubes ( i* ^ 
CaCOa powder is packed by means of suction and ' r^e 

long wooden pestle. The latter is also used to push the . or 

tube alter development of the chromatogram. The individual bands 
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zones which are cut; out of the column are then eluted with CHCI 3 . The 
CHCI 3 solution is separated from the CaCOa on a sintered glass filter. Each 
band is then rechromatographed separately to establish purity. Particular 
attention has been given to a red-brown zone which has often been noted 
at the top of the column in the primary chromatograms, and which is not 
eluted by CHCI 3 , but may be removed by CHCh containing glacial acetic 
acid (10:2). TJiis porphyrin is thought to have considerable significance 
and will be considered in more detail later. 

The esters crystallize well from CHCla-methyl alcohol after one chromato- 
graphy. As already noted, however, rechromatography was usual, es- 
pecially when two zones were bordering upon one another. In such 
instances they were cut out as one and rechromatographed. 

In four instances (Cases 4, 5, 9, and 15) urine was extracted ^vith ethyl 
acetate and the porphyria corresponding to Waldenstrom’s uropoiphyrin 
in was then ciystallized. The crystalline uro ester available from the 
Cordoba case had also been isolated by Waldenstrom’s method (24-27). 
The methyl ester of this porphyrin, melting at 258“'260° (uncorrected), was 
then dissolved in benzene and subjected to the above (CaCOs) method of 
chromatographic analysis. The Waldenstrom porphyrin was adsorbed on 
the column %vith benzene-petroleum ether (3:1) and the chromatogram com- 
posed, surprisingly, of two rather than one zone was developed by means of * 
benzene-chloroform (1 0 :3). In order to obtain the best separation of these 
two zones, it was found important not to adsorb a great deal of ester at one 
time, and to permit adsorption for only about one-sixth of the column, after 
which development was begun. The chromatogram and the resulting 
porphyrin entities will be described later. 

The method used in 1938 for the isolixtion of uroporphyrin from the liver 
of Case 1 may be given briefly here. 538 gm. of fresh liver obtained at 
necropsy were finely ground with a meat grinder, after which the material 
was extracted in a mortar ivith glacial acetic acid and ether to remove hemo- 
globin and any ether-soluble porphyrins present. This extract contained a 
moderate amount of poiphyrin-metal complex (absorption maxinia, 1 580, 

II 542 m/i). The residue was then ground with 10 per cent ammonia. The 
filtrate of the latter contained much uroporphjTin -metal complex (absoi^ 
tion maxima, I 579, II 542 ma). This solution was acidified with glacial 
acetic acid and the porphyrin was collected on talc. Af ter removal from the 
talc by dilute ammonia the solution was divided in two parts. One-half 
was treated with HCl to split out the metal, after which sodium acetate 
added until a negative reaction with Congo red paper was obtained and t e 
free porphyrin was then collected on talc and concentrated by elution with 
a small amount of dilute ammonia. On acidification wnth acetic acid, t e 
uroporphyrin largely precipitated. After the material w^as dried, the pre- 
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cipitate was esterified with methyl alcohoi-HCi and the methyl ester ^Ya 3 
crystallized from cliloroform-methyl alcohol in the usual way. This ma- 
terial was subjected to chromatographic analysis according to the method 
described by Fischer and Hofmann (28), Brockmann's AI 2 O 3 being used as 
adsorbent, with CHCli-methyl alcohol and CHCh to develop and elute, 
respectively. The other half of the ammonia solution mentioned above was 
acidified with acetic acid and the porphyrin-metal complex was again ad- 
sorbed on talc. It was then eluted with a small amount of 5 per 
cent NaOH, An unsuccessful attempt was made to esterify the metal 
complex by addition of (^ 3 ) 2804 . The solution was again acidified and 
the precipitate was collected and dried, after wiiich the porphyrin was es- 
terified with methyl alcohol-HCL The ester was extracted with CHCI3, 

I* V was then crystallized by the method given above. Some of this 
terial had been kept in the dry state and was available for reexamination 
during the present study. At this time it was subjected to chromatographic 
analysis on CaCOs as already described. 

A small amount of bile, obtained from Case 15 by duodenal drainage, was 
examined with respect to ether-insoluble porph^Tins. After acidification 
with glacial acetic acid and repeated extraction with ether, the aqueous 
fraction w'as mixed with talc, and from this point on was treated in the same 
w*ay as has been described for the urine. 

^lelting point determinations were carried out routinely with a Fisher- 
Jolms micro melting point apparatus, T\vo transformers w^ere used m 
order to permit determinations up to 350*^. A calibration curve for the 
thermometer w’as prepared with a series of organic compounds of known 
melting point. This also permitted determination of the corrected meltmg 
point. All melting points given in the follow'ing are corrected, except where 
otherwise noted. In addition, macrodeterminations w'ere made in certain 
instances, olive oil being used as the heating medium. 

Spectroscopic measurements in tlie visible range were made wth a Zeiss 
grating spectrometer, calibrated with the mercury arc. Ultra\iolet spec- 
trograms w^ere taken with a Hilger medium quartz spectrograph. Absor]^ 
tion curves were determined mth a concentration of 200 7 per 100 cc. w e 
are indebted to Mr. J. F. Marvin, of the Division of Biophysics, for prepar- 
ing these spectrograms. 

Decarboxylations w^ere carried out in 1 per cent HCl in sealed 
3 hours at 180-190®, in accordance wth Fischer’s method (21). The 
solution was neutralized with sodium acetate and the porphyiins wem ex 
tracted with ether. They were then taken into a small amount of P® 
cent HCl from which they were precipitated by addition of sodium ace a 
until a negative reaction was obtained with Congo red 
cipitate was collected, dried, and esterified in methyl alcohol-HC . 
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the usual purification of the CHCI3 solution, as described in the foregoing, 
the further treatment was as follows; The material from the 284° porphyrin 
(see below) of Case 15 was crystallized directly. ^Vfter three recrystalliza- 
tions the melting point was constant between 210-216°. These crystals 
were then chromatographed as already described. The CHCI3 solutions of 
the esters obtained after decarboxylation of the 284° porphyrins of Cases 4 
and 5, and from the Cordoba case, were subjected directly to chromatogra- 
phy without being first crystallized. The 208° porphyrins (see below) from 
Case 15 and from the Cordoba case were also subjected to decarboxylation. 
An attempt was made to crystallize the products of tlie reaction but the 
3deld was so small that the crystals were returned to the mother liquor, and 
after concentration to dryness the entire residue was redissolved in benzene 
and chromatographed. The porphyrins from each decarbo.xylation were 
adsorbed on CaCOs from benzene-petroleum ether (1:1), and the chromato- 
gram was developed by benzene-CHCU (20:1), 

Microanalyses for carbon and hydrogen were carried out in the labora- 
tories of the Division of Organic Chemistry. The nitrogen^ and the micro 
methoxyl determinations were made by Dr. Hayman through the courtesy 
of the Merck Laboratories in Rahway, New Jersey. 

Various metal complexes of the porphyrins isolated Avere prepared by 
means of a slight modification of Fischer’s method (21). The chloroform 
solution of the porphyrin ester is mixed with a small amount of the metal 
acetate dissolved in glacial acetic acid. The mixture is heated briefly in 
the boiling water bath. In the case of the copper complex ciystallization 
occurs upon addition of methyl alcohol and furtlier brief heating. The 
zinc, cobalt, and silver complexes ciystallize poorly in the presence of much 
acetic acid. The chloroform solutions Avere therefore washed repeatedly 
Avith Avater, filtered through chloroform-moistened paper, and concentrated 
to a small volume. Crystallization Avas then brought about by addition of 
methyl alcohol and further heating. In some instances a small amount of 
free ester Avas separated from the metal complex by chromatographic analy- 
st on CaCOs. Adsorption Avas effected AArith benzene and development with 
benzene-chloroform (10:2). The metal complex is characterized by a rose 
band high on the column, the free ester by a red-Aiolet band considerably 
loAA'er, Of importance to later considerations, it may be noted that Ave haA^e 
Rot been able to separate metal complex from free porphyrin ester on a 
column of talc, developed with CHCI3, according to the procedure of Fischer 
RRd Hofmann (28). 

* The samples were burned in the presence of copper acetate, according to the 
method of Hayman and Adler (34). 
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Results 

In the Primaty chromatogram (Text-fig. 1) containing aU of the sub- 
^ T of Case 9 as described above, it is 

doTe rSi n t “ carotenoids and other compounds (32). a 
dose rektionslup exists between the color and absorption spectrum of the 

porphyim on the one hand, and the adsorbability on the other The 
farther is the shift of the absorption bands to the left. Slight differences in 
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Ex^ o, 1, Diagram of the chromatographic separation of porphyrin esters and 
from the urine of Case 9. Sp. (spectrum) iniUcates the midpoint 
^ oo?a band in the red, of the dissolved porynyrin ester. Zone c 

IS tbe porphyrin (uroporphyrin I), zone d the 20S^ porphyrin, the Uo together 
aving originally comprised the Waldenstrom, or 260® porphyrin. Zone g is that of 
coproporphynu HI methyl ester, wliich in this case vsas present in considerable 
amount (see the text). 


absorption are best noted in the band found in the red region, that 
absorption in the region of 625 mp. As seen in Text-fig. 1, a complex 
ture of pigments occurs in porphyria urine. The substances composing 
zones (Jf bf and h \Yere not porphyrins and were not further identified. 
Zones c and d are of most importance and wall be discussed belowx Zones € 
and / are unidentified porphyrins. These liave been encountered re- 
peatedly in chromatograms from the urine of other patients, inciuding 
Cases 4, 5, and 15. Zone g is the coproporphyrin zone which in Case 9 
(Textrfig. 1) was showm to be coproporphyrin III. In other cases the 
portion of the porphyrins varied from that sliowm in Text-fig. 1, 

(hscussed in the following. 
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The porphyrin ester isolated according to Waldenstrom’s method, from 
Case 15 and the Cordoba case, was found to have a melting point of 258- 
262°, constant after repeated recrystallization. The two porphyrins ob- 
tained by chromatographic analysis of these crystals exhibit closely set 
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Violet red 
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Text-Fig. 2. Diagrams of chromatograms of porphyrin esters and other com- 
pounds from various urine samples. Chromatogram 1, separation of the Walden- 
strom porphyrin into the 284® and 208° porphyrins, as observed in Case 15 and the 
Cordoba case, Chromatogram 2, separation of the compounds comprising the crys- 
talline material melting at 210-216° and obtained by decarboxylation of the 284 
porphyrin from Case 15; Chromatogram 3, separation of the decarboxylation products 
from the 284° porphyrin, as observed in Cases 4 , 5, and 15, and the Cordoba^case; 
Chromatogram 4, separation of the decarboxylation products from the 208 por 
phyriu, as observed in Case 15 and the Cordoba case 


zones on the chromatogram, the upper of which is usually 3 times 
larger than the lower (Text-fig. 2, Chromatograph 1). These are identical 
with zones c and d as shown in Text-fig. 1. When dissolved separately m 
chloroform it is seen that the absorption band of the upper zone nearest 
the red region is maximum at 625 8 m^t (in CHCb)? that of the lower at 
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624.5 (in CHCI 3 ). The former crystallizes promptly from CHClr 
MeOH in long needles melting at 284°. The porphyrin from the lower zone 
crystallizes slowly, on cooling, in rosettes of very thin and often bending 
needles melting at 208°. The CHCI 3 must be boiled off as completely as 
possible. Once pure, both of these esters are insoluble in methyl alcohol. 
Rechromatographed separately, each exhibits but a single zone. The 
crystals of the initial uroporphyrin ester obtained according to Wal- 
denstrom, but prior to CaCOa chromatography, may be compared mtii 
those of its two components in Figs. 1 to 3, For purposes of discussion 
these two porphyrins will be referred to in the follo^viug according to their 
melting points; t.c., 208° and 284°. Both of these melting points have been 
confirmed repeated!}^ by means of macro as well as micro methods. Suffi- 
cient amounts of each of the tw’o were isolated from the urine of Case 15, 
and from the crj^stalline material of the Cordoba case, to permit comparison 
of relative amount, as shown in Table I. 


Table I 

Relative Amounts of Porphyrin Methyl Esters with Melting Points of 208° and 28Vt 
As Isolated from Urine of Case IS and Cordoba Case 


Case No. 

Amount 

20S* 

2S4* 

208* 

1 2S4* 


m{. 

mg. 

Per cent 

per cent 

15 

11.0 


27.5 


Cordoba (C. P. T.) 

12.0 

HI 

' 2S 

■i 


The amounts of the 208° and 284° porphyrins obtain^^d from Cases 4 and 
9 and of the 284° porphyrin from Case 5 w^ere considerably smaller and ^^ere 
not weighed. Judging by the size and color intensity of the zones on le 
chromatogram, the relative amounts obtained from Case 4 were in the same 
proportion as sho\vn. in Table I. In Case 9, however, the 2S4° porph}^ 
was present in considerably larger proportion, estimated roughly at 5.1 3 
the chromatogram (see Text-fig. 1). It is of interest that this patient ^ 
creted relatively large amounts of coproporphyrin III, ranging over a 
of time at about 4: 1 of the ether-insoluble porphyrins. The . 

rin III from this patient was isolated readily after chromatographic ana y / 
as shown in Text^fig. 1 (zone g ) . The crystals of the methyl ester are s 0 
in Fig. 8. The melting point was 148°. In the case of congenital P^^^ 
(Case 8 in the present group) the urine contained only the 
The properties of the two porphyrins, 208° and ^hyri^ 

the various patients from which they were isolated.^ The 28 
methyl ester is characterized by the following absorption maxima 
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I G25.S, II 599.0, III 571.0, IV 535.7, V 503.4 irm; order of intensity V, lY, 
III, I, II. The absorption maxima of the free porphyrins in 25 per cent 
Hc’l are I 597.0, II 553.8, and III 410.3 m^ (HI. H, I). The corresponding 
maxima for tlie 208° porphyrin are (for the ester in CHCb) 1 625.0, II 598.0, 
III 5G9.9, IV 534.G, V 500.8 m^; (for the free porphyrin in 25 per cent HCl) 
I 595.8. II 552.G, III 408.7 mp (III, II, I). The e.xtinction coefficient for 
the 208° porpliyrin was approximatelj' 3 X 10~°. 

The 208° porphyrin in ethyl acetate e.xhibits the foUonlng absorption 
mxxiraa, 1 624.5, II 597.0, III 568.8, IV 531.7, V 498.5 m^; order of intensity 
V, IV, I, III, II. It may be emphasized that although the H aldenstrom 
porphjTin melting at 258° is extracted from the ^e by ethyl aceffite at 
pH 3.0 to 4.0, its two components behave quite differently toward this sol- 
vent, once pure. The 284° porphyrin is insoluble, while the 208 porphyrm 
is easily extracted from aqueous solution even \\ hen negath e to ongo r 
paper (although acid in reaction). 

The results of the elementaiy analyses were as foUows: 


584® Porphyrin — 

Uroporphyrin octamethyl ester, C 41 H 54 O 11 X 4 . Calculate , 


tt 


C 61.12; found, 60.90 

H 5.77; “ 5.56 

>7 5.94; “ 5.94 

OCH, 26.3; “ 26.72 


208° Porphyrin — 

UroporphiTin 
octameth> 1 
ester 

Heptamethjl 

ester 

C 

61.12 

62.41 

H 

5.77 

5.93 

X 

5.94 

6.34 

OCH, 

26.3 

23.0 


Found 


61.70, 61.96 
5.77, 6.02 
6.52 
22. S2 


The properties of the metal comple.xes of the 284° ^ 

esters are given in Table II, and the crj^tals are sho\ra m 

As noted preidously, particular attention was giien o ® ^ 

appearing at the top of the primarj- chromatogram. _ from 

Case 5 (Jrine) and ffi the studies of the crystals ^ 

Cases 4 and 5. In all instances most of this zone could be ^^ed 
CHClj containing glacial acetic acid. After reeste ca ion, crvstal- 
behavior on the column was that of the 284° porphjTm, an , ^ ^ 

lized, all of the properties of this porphj'rin w'ere s onm. 
small amount of the red-brown zone was eluted vn. . , chCU 

crystallized melted at 284°. The major Portion ."‘as eluted^am^^ || 
containing glacial acetic acid and was then ctystal^e ^ .g. 

alcohol; after removal of acetic acid by washing wit ohove 245®)* 

tals, composed of small needles, melted at 261® (shrinking abo^e 1 
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After reesterification in methyl alcohol-HCl, the porphyrin ester behaved 
exactly like the 284° porphyrin except that in this instance the melting point 
could not be elevated above 272°. The absorption spectrum was identical. 

Results of Decarboxylation of 208^ and 28 Porphyrins 

Decarboxylations were carried out on the 208° and 284° porphyrins from 
Case 15 and the material from the Cordoba case, and on the 284° porphyrin 
from Cases 4 and 5 As already noted under the methods, the porphyrin 
esters obtained following decarboxylation of the 284° porphyrin from 
Case 15 exhibited a constant melting point of 210-216° after three crystal- 
lizations. These crystals appeared to be uniform in type, consisting of 
yellowish red prisms, often occurring in rosettes (Fig. 4) . Upon chromatog- 


Table II 

Melting Points and Absorption Maxima of Metal Complexes of and 28^^ 

Porphyrin Esters 


Porphyria ' 


Ab&orptloa maxima 

M.p. 


1 


•c. 


284® 

Cu 

564.8, 527.9 

319 (Uncorrected, decomposition) 


Zn 

574.7, 539.1 

330 

tt 


Co 

554.3, 519.2 

316 

(4 


Ag 

562.6, 528.3 

306 

{< 


Cd 

Not measured 

Above 330 


20S® 

Cu 

564.6, 527.7 

277-283 



Zn 

574.6, 538.8 

267-274 



Co 

554.6, 518.4 

268-275 



Ag 

562.7, 528.2 

249-257 




raphy it was found that four zones resulted (Text-fig. 2, Chromatogi^ 
2). Zones a and h were shirII in amount and were not identified 
except that zone h was a porphyrin, while zone a was not. Zones c ^ 
are identical with c and d in Chromatogram 3 (Text-fig. 2), derived by direc 
chromatography, as described under the methods. As noted below, zone 
was identified as coproporphyrin I. This was obviously purer than 
coproporphyrin I obtained from the corresponding zones of the 
grams from Cases 4 and 5, and the Cordoba case, in which the poip 
were chromatographed directly without previous ^O'st^hizafion, 
described for Case 15. In the latter instance the copropoiphyrin ^ 

eater (Fig. 5) melted at 248-250° after two recrystallizahm^^^^ 
that from the other three patients melted over a 
even after several recrystallizations. It appeared that the crys ^ 
prior to chromatography in Case 15 removed certain impurities re 
the chromatograms in the other instances. 
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The porphyrin ester of zone c (Chromatograms 2 and 3 in Text-fig. 2) 
crystallized eaaily from methyl alcohol in rather characteristic curving 
needles, often in rosettes (Fig. 6). When recrystallized the following pro- 
perties were exhibited. 

Melting Poinr— 221-224°, 

^lisorpnon Maxiina in C//CI.—I 623.5, II 568.1, III 535.5, IV 501.2 mp (IV, III, 

11 , 1 }. 

Absorption Maxima in 25 Per Cent IICl—l 594.6, II 550.4, III 405.9 (III, II, I). 

Absorption Maxima of Free Porphyrin in Ethyl Ether Containing Acetic Acid— 
1 624.3, II 56S.3, III 530.0, IV 497.5 (IV, III, I, II). 

The HCl number of the porphyrin was found to approximate 0.1 per cent 
(most of the porphyrin dissolved in ether being extracted from it by an equal 
volume of 0.1 per cent HCl). 

The yield of crystalline ester of the 224° porphyrin from Case 15 was 0.5 
pig. from 8 mg. of the 284° porphyrin. From 5 mg. of the 284° porphyrin 
isolated from the Cordoba case, 1 ,2 mg, were obtained. Elementary analy- 
sis was carried out on a mixture of the material obtained from the four 
patients noted above. The results are as follows: 

Pentamethyl ester, C«H 4 sOioN 4 . Calculated, C 65.63; found 66.08 

“ H 6.25; “ 6.29 

^rther decarboxylation resulted in partial formation of coproporphyrin 
Ii identified by the methyl ester melting point (245°) and characteristic 
absorption spectrum. 

The properties of the metal complexes of the 224° porphyrin ester were 
found to be as follows: 



M.p. 

Absorption maxima 

Cu 

"C. 

mu 

266-269 

I 563.4, II 526.2 (I, II) 

Zn 

282-286 

“ 572.6, “ 536.5 “ “ 

Ag 

249-254 

“560.9, “ 526.1 “ “ 


Zone d in Chromatogram 3, Text-fig. 2, crystallized in the typical needles 
of coproporphyrin I methyl ester and exhibited all of the properties of this 
porphyrin. The yield from Case 15 was 2.1 mg. from 8 mg. of the 284° 
porphyrin. From the Cordoba case 0.9 mg. was obtained from 5 mg. The 
melting point was 248-250°. The absorption maxima were (in 25 per cent 
HCl) I 592.7, II 548.9 mp.; in order of intensity, II, I. The absorption of 
the free porphyrin in ether and acetic acid was 1 623.4, II 567.8, III 528.1, 
IV 495.6 m^i; IV, III, I, II. The HCl number was less than 0.1 per cent. 
The Cu complex of the methyl ester melted at 280-285°. The absorption 
maxima were 1 562.0, II 524.6 m/x; I, II. 

Decarboxylations of the 208° porphyrins from Case 15 and the Cordoba 
case yielded identical results in both instances. The chromatogram of the 



336 


UROPORPHYRINS. 1 


products of decarboxylation is shown in Text-fig. 2, Chromatograph 4. 
Zones a and b were not further identified except that zone h was a porphyrin, 
and zone a was not. The porphyrin ester of zone c crystallized in poorly 
formed, clumping needles (Fig. 9), The mother liquor remained relatively 
colored, in contradistinction to the zone d porphyrin (coproporphyrin III), 
the mother liquor of which was almost colorless. The other properties of 
the zone c porphyrin are as follows: m.p. 180-183°; absorption maxima of 
the ester in CHCb, 1 623.1, II 567.5, III 535.4, lY 500.8 mp; order of inten- 
sity, IV, III, II, I. The free porphyrin in 25 per cent HCl exhibits the 
following absorption maxima, I 594.6, II 549.8, III 406.2 rap; III, II, I; in 
ether-acetic acid, I 623.6, II 568.8, III 529.8, IV 495.5 nip; IV, III, I, IL 
The HCl number of this porphyrin was less than 0.1 per cent. The metal 
complexes of the ester had the following properties. 




Absorption maxima 


“0. 

in ft 

Cu 

214-223 

1 563.S, II 527.2 (I, II) 

Ag 

201-211 

“ 561.0, 525,9 “ “ 

Zn 

248-253 

“555.6, “ 527,7 “ “ 


The zone d porphyrin crystallized readily in the form of rosettes of prisms 
(Fig. 7). The melting point was 148°. After cooling, the crystals which 
formed again melted at 170° (dimorphic melting point). The crystals were 
identical in appearance with those of the coproporphyrin III methyl ester 
isolated from the urine of Case 9, the chromatogram of which is seen m 
Text-fig. 1 (zone g), and the crystals in Fig. 8. These crystals likewise 
melted at 148°. A mixture of the crystals of these two coproporphyrii^ 
gave but a single zone on a CaCOs column. The crystals obtained from this 
zone melted at 148°, this constituting a mixed melting point without depres- 
sion. The absorption spectra were identical with that of coproporphyrin. 

The properties of the copper complex of the coproporphyrin III (zone ) 
ester were as follows: m.p. 206-210°; absolute maxima in CHCh; I 562. , 
II 524.8 m/z; I, II, 

The uroporphyrin I methyl ester sent to us b}'' Dr. W. J. Turner ^ 
297°. The absorption maxima in CHCJs vrere I 626.0, II 565.9, IH 5 • i 
IV 500.0 mfi ; order of intensity, II, III, IV, I. It was obvious that t e ma 
jority was in the form of a metal complex. The chromatogram on a z 
e.xhibited four zones. The upper two were faint, insufficient to i en ^ 
The third, or main zone, was rose in color, and the absorption maxima i 
CHCh were I 566, II 528.5 m/z; I, II. The melting point of this w 
316° (with decomposition). The fourth zone was red-violet an e/ i 
absorption identical mth the 284° porphyrin (uroporphyrin I) methyl 
The amount was too small to crystallize. Another portion of ® ;g 
material was chromatographed on talc, according to Fischer an o 
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method (28). Two zones developed corresponding closely to those noted 
by Fischer and Hofmann in their talc chromatogram of Petry uroporphyrin 
ester, the results of which induced them to give the melting point of uro- 
porphyrin I methyl ester as 311° (corrected). It is noteworthy that they 
did not state the absorption spectrum of the rose zone from which the com- 
pound with this melting point was obtained. In the present instance the 
absorption of the rose zone was I 626.0 (very faint), II 566.0, III 528.0, 
IV 500.0 mAi;II,III,IV, I. Bands II and III were intense, clearly those of 
a metal complex. The methyl ester of this metal complex, as obtained 
from the CaCOa chromatogram, melted at 316° (not corrected), and was 
dissolved in concentrated HsSOi to split out the metal (probably Cu). 
After reesterification the absorption spectrum in CHCI3 and the crystals 
from methyl alcohol were identical with those of the 284° porphyrin. The 
melting point was slightly higher at 287°. 

The uro ester isolated from the urine of Case 1 in 1938 melted then at 
289° (uncorrected; prior to chromatographic analysis). Fischer and Hof- 
mann's method w^as used at that time to separate the porphyrin into two 
zones on talc. The first remained at the top of the column as a rose-red 
zone, insoluble in CHCI3 but soluble in glacial acetic acid. The second 
came well down on the column and was eluted with CHCI3. The crystals 
of the first zone melted at 296-298° (uncorrected). The crystals of the 
low'er, CHCla-soluble, zone melted at 286-288° (uncorrected). During the 
present investigation a small amount of the 296°, or upper zone, porphyrin 
was reexamined. The crystals w^ere quite insoluble in CHCb- They did 
not melt up to 345°, although some darkening w’as noted above 275 . Be- 
cause of general insolubility, chromatographic analysis was impossible. 
This behavior was not explained but was thought to be due to some change 
which had occurred since 1938. The fact that the melting point at that 
time was 296° may also have been due to the presence of metal complex. 
The absorption maxima of this fraction in 1938 were I 626.5, II 569.0, III 
534.0, IV 501.0 mil (in CHCI3 in which, at that time, the material was 
sparingly soluble). This undoubtedly contained metal complex, while 
the lower, CHCb-soluble, zone was composed at least largely of free ester 
mth absorption maxima of I 626.3, II 575.8, III 536.0, IV 505.0 m/i. 

FeceSf Livery and Bile Porphyrins 

The 208° porphyrin was isolated from the feces of Case 15. So far as 
could be determined, these feces did not contain any of the 284° porphyrin. 
Crystalline porphyrin ester previously isolated from the feces of Case 4 
(7), melting in 1941 at 208° (uncorrected), was now found to be an entity 
on the CaCOs column. Aiter crystallization a melting point of 208 (cor- 
rected) was observed. The absorption spectrum w^as identical with that of 
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DISCUSSION 


The use of Tswctt columns of calcium carbonate lias permitted what is 
believed to be a complete purification of uroporpliyrin I octaraethyl ester, 
m,p. The present evidence indicates tliat variant melting points 

observed in the past were too liigh because of partial saponification or pres- 
ence of metal complex, or too low because of varying amounts of the SOS'" 
porphyrin. It is true that these factors are insufRcient to explain all of the 
higher or lower melting points noted in the present study. Old samples, 
even after reesterification, rechromatography, and recrystallization, may 
melt above or below 284^ Since the pliysical characteristics of these 
samples are otherwise identical, the reason for the variation is not clear. 

It has been shown in the present study that the 258-260° porphyrin ob- 
tained from porphyria urine by Waldenstrom's method of ethyl acetate 
extraction may often® be separated on the Tswett column into two compo- 
nents, uroporphyrin I octamethyl ester with a melting point of 284®, and a 
heptamethyl ester with a melting point of 208°. The latter is ether-in- 
soluble and in other respects similar to uroporphyrin. In this connection 
it is of interest to note that Waldenstrom's methoxyl percentage for the 
258® porphyrin was somewhat too low (25). The 208° porphyrin un- 
doubtedly corresponds in configuration with etioporphyrin III, so that it 
would be permissible to designate it as uroporphyrin III except that, ac- 
cording to the present evidence, it is not isomeric Avith uroporphyrin I. The 
question may be raised as to why the porphyrin extracted by ethyl acetate 
by Waldenstrom's method has exhibited such a constant ester melting point 
of 258® (24-26, 29). This is believed due to the fact that the methyl esters 
of the 284® and 208® porphyrins are quite insoluble in methyl alcohol, once 
pure. The possibility of a loose molecular compound between the two must 
^0 be kept in mind, and will be considered further in Paper II, which 
follows. It is not surprising that a difference in absorption spectrum was 
not established, since the 258® porphyrin of Waldenstrdm in our experience 
consists of more than 50 per cent uroporphyrin I whose absorption maxima 
^ higher than those of the 208® porphyrin. 

J^rther studies are needed %vith respect to the proportion of the 284 and 
208 porphyrins occurring in the urine, feces, and organs of porphyria cases. 
In the present study it was of particular interest that the 208® porph 3 Tin 
was not observed in Case 5, a typical exampje of intermittent acute porphyr- 
ia with paralysis and abdominal colic. Nor was it found in the urine of the 
congenital porphyria case. In Case 9 the 284® porphyrin (uroporphyrin I) 


. Additional cases have been studied more recently in which the initial ester melt- 
point, before chromatographic analysis, was between 250-270% but m which the 
porphyrin was not encountered in the chromatogram. The findings m these 
nis ances will be considered in Paper II, which follows. 
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predominated in the urine over the 208®, or Type III porphyrin, but at the 
same time a rather large amount of coproporphyrin III was excreted. The 
significance of this is not clear, but it would ob\dously be of much interest to 
obtain quantitative data on this point in future cases of the disease. It is 
evident from the present results that uroporphyrin I (284°) is regularly 
excreted, at least in the urine, and that any classification of porphyria based 
upon excretion of uroporphyrin I or uroporphyrin III is certain to be mis- 
leading. 

Waldenstrom (25) and Mertens (29) both obtained coproporphyrin III 
by decarboxylation of the 258° porphyrin, as extracted from the urine by 
ethyl acetate. In view of the present finding that uroporphyrin I regularly 
constitutes the majority of the 258° porphyrin, the question may be asked as 
to why coproporphyria I was not obtained, at least in part. The present 
study reveals that upon decarboxylation of the 258° porphyrin the crystals 
first obtained and apparently representing an. entity melted at 160-162®, 
which might readily have been accepted as indicating coproporphyrin III, 
especially since the ether solubility and absorption maxima were now 
characteristic. Upon ch romatography, however, this material was found to 
be a mixture of three porphyrins not over 10 per cent of which ^Yas actually 
coproporphyrin III, the main portion consisting of the 224° porphyrin, 
probably a pentamethyl ester, and, as already noted, obtained regularly 
after decarboxylation of uroporphyrin I, Coproporphyrin I is obtained 
upon decarboxylation of the 224° porphyrin. Thus it is quite possible that 
the melting points construed by Waldenstrom and ^lertens as indicating 
coproporphyrin III may have been melting points of a mixture oi 
decarboxylation products, including coproporphyrin III and the 183 por- 
phyrin derived from the 208° porphyrin, coproporphvxin I and the 22 
porphyrin derived from uroporphyrin I. Any combinations of these aro 
possible and may well account in part for the variety of melting Jioints or 
coproporphyrin III found in the literature, ranging from 135-180 . 

smnuRV 

1. The porphyrin described by Waldenstrom as uroporphyrin HI is ex 

tracted from urine by ethyl acetate at a pH of 3.2 to 3.4. The melting pom 
of the methyl ester of this porphyrin has been noted by Waldensfcrom a 
others to be 258-260°. In the present study it has been j 

porphyrin consists of uroporphyrin I (melting point of the met y j 
284°) and a hitherto undescribed porphyrin whose methyl 

208°. Elementary analysis indicates that the latter is a heptame ly 
and consequently not an isomer of uroporphyrin I. nroIivriB 

2. The relative constancy of melting point of the 

methyl ester (258-260°) after repeated recrystallization from cm 
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methyl alcohol is piobably due at least partly to the insolubility m methyl 
alcohol of \is two components; i c , the 284® (uroporphyrin I) and the 208® 
porphyi iiib. The pOi>sibility of a molecular compound is considered 
3. Uroporph^Tin I and the 208® porphyrin exliibit but slightly different 
absorption spectra, the maxima of the former being 12 A tow aid the red 
from those of the latter. 

1. Decarboxylation of the Waldenstrom porphyrin often results in a 
pnmary mixture of etlier-soluble porphyrins havmg an absorption spectrum 
of the coproporphyrin type. This mixture melts at 160-162® It is com- 
posed of at least four substances, of which about 10 per cent is coproporphy- 
lin III, A considerable fraction is composed of a porphyrin w'hose methyl 
ester melts at 221-224®. This is probably a pentamethyl ester. It is 
regularly obtained together with coproporphyrin I by means of calcium 
carbonate chromatography of the decarboxylation products of uroporphyrin 
I. The 224® porph 3 ’’nn may be further decarboxylated to coproporphyrin 
I. 

5. The w ide range of melting pomts previously reported for uroporphyrin 

I methyl ester (265-311°) is explained in part by the presence of partially 
saponified material, or metal complex, both of which elevate the melting 
point, or by the presence of the 208° porphyrin which lowers it Unex- 
plained discrepancies in melting pomt, in old samples, both above and below 
284®, have also been noted. 

6. The present findings fail to indicate the occurrence m porphyria ma- 
terial of a uroporphj'rin (Type III) isomeric with the Type I uroporphyrin. 
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EXPLANATION OP PLATES 
Plate 1 

Fig. 1, Crystals of the Waldenstrom or 260° porphyrin ester, prior to chromato- 
graphic analysis. The magnification =» 150 X throughout. 

Fig. 2. Crystals of the 2S4° porphyrin (uroporphyrin I methyl ester). 

Fig. 3. Crystals of the 208° porphyrin (heptamethyl ester). 

Fig. 4. Crystals of the porphyrin mixture exhibiting a constant melting point of 
210-216°, obtained following decarboxylation of the 284° porphyrin. 

Fig. 5. Crystals of coproporphyrin I methyl ester obtained by decarboxylation of 
the 284° porphyrin (Case 15) and subsequent chromatographic separation. 

Fig. 6. Crystals of the 221° porphyrin (pentamethyl ester) as obtained by de- 
carboxylation of the 284° porphyrin, with subsequent chromatographic separation. 

Fig. 7. Crystals of coproporphyria III methyl ester (m.p. 148°, 170°) obtained by 
decarboxylation of the 208° porphyrin and subsequent chromatographic separation. 

Fig. 8. Crj'stala of coproporphyria III methyl ester (m.p. 148°) as isolated from 
the urine of Case 9, 


Plate 2 

Fig. 9. Crystals of the 183° porphyrin methyl ester obtained by decarboxylation 
of the 208° porphyrin. The magnification — 150 X throughout. 

Fig. 10. Crystals of the copper complex of the 284° porphyrin methyl ester (uro- 
porphyrin I). 

Fig. 11. Crystals of the copper complex of the 208° porphyrin methyl ester. 

Fio. 12. Crystals of the silver complex of the 284° porphyrin methyl ester (uro- 
porphyrin I). 

Fig. 13. Crystals of the silver complex of the 208° porphyrin methyl ester. 

Fig. 14, Crystals of the silver complex of the 224° porphyria methyl ester. 

Fig. 15. Crystals of the zinc complex of the 284° porphyrin methyl ester. 

Fig. 16. Crystals of the cobalt complex of the 284° porphyrin methyl ester. 
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STUDIES OF THE UEOPORPHYRINS 

IL FURTHER STUDIES OF THE PORPHYRINS OF THE URINE FECES 
BILE, AND LIVER IN CASES OF PORPHYRIA, WITH P ‘ARTICULAR 
REFERENCE TO A WALDENSTROM TYPE PORPHYRIN BEHAVING 
AS AN ENTITY ON THE TSWETT COLUMN* 

By CECIL JAIMES WATSON, SA^^IUEL SCHWARTZ, and 
VIOLET HAWKINSON 

(From the Deparimcnl of McdicinCt University of Minnesota Hospital, Minneapolis) 

(Received for publication, September 18, 1914) 

The term Waldenstrom porphyrin is used to refer to a porphyrin 
extracted from the urine by ethyl acetate, but n ot by ether. The extraction 
is carried out at a pH of 3.2 to 3.4. The methyl ester melts, in various in- 
stances, from 258-262®. In Paper I (1) it was sho™ that this porphyrin, 
hitherto regarded as an entity and believed by Waldenstrom (2, 3) 
and others (4-11) to represent uroporphyrin III, is in man}' instances 
separable on a Tswett column (CaCOa) into two porphyrins, the majority 
being uroporphyrin I methyl ester, m.p. 284°; the minority, a heptamethyl 
ester, m.p. 208®. Decarboxylation of the latter was productive, in part, of 
coproporphyrin III. Thus it was evident in these cases that the Walden- 
strom porphyrin was a mixture of Type I and Type III porphyrins, but no 
evidence was obtained for the existence of a uroporphyrin III. The pres- 
ent study has concerned itself with porphyrins obtained according to 
Waldenstrom’s method and whose methyl esters melted variously, from 
258-272°, but which could not be separated into two porphyrins on the 
CaCOs column. These have already been alluded to in Paper I. The 
possibility existed that in these instances a uroporphyrin III was present, 
and the purpose of the study, therefore, was to determine the nature and 
isomer type of these variant porphyrins. We also desired to obtain further 
information as to whether the method of isolation affects the character of 
the porphyrin obtained. The results noted in Paper I had indicated that 
it was immaterial whether talc adsorption or ethyl acetate extraction was 
employed initiallj". Another purpose of the present study was to investi- 
gate the characteristics of artificial mixtures, in varying proportion, of the 
208® porphyrin and the Waldenstrom porphyrin, both the tj^pe behaving 
as an entity on the Tswett column and that separable into 284° and 
208® porphyrins being employed. The purpose here was to note whether 
such mixtures might be separated readily on the Tswett column, or whether 
there Avas any evidence of molecular compound formation. 

* Aided by a grant from the John and Mary R. Markle Foundation, New York. 
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EXPERIAIENTAIi 

Isolations 

Urine samples were available from eight additional patients,^ Cases 16 to 
23, in our series. Further collections of feces were obtained from Cases 5- 
and 15, and a sample of feces from Case 23 (congenital porphyria) was also 
available for study. Autopsy was performed on Case 5 after the studies 
in Paper I had been completed; the liver and gallbladder bile were in- 
vestigated in the present study. With the exception of Case 23, all of the 
cases were of the intermittent acute type. In Case 22 it was questionable 
whether any of the symptoms were related to the porphyria, the patient, a 
64 year-old male, being admitted because of an acute thrombophlebitis, 
pulmonary infarction, together with transitory diarrhea and abdominal 
pain. Case 23^ is an 18 month-old male infant suffering from congenital 
porphyria and exhibiting erythrodontia. 

The methods and equipment were, in general, the same as described in 
Paper I. The porphobilinogen (3) reaction, which ivill be referred to as 
occurring in the native urine, has been described previously (12). Four 
types of procedures were used to isolate the porphyrins: (1) direct ethyl 
acetate extraction of the urine after addition of sufficient concentrated HCl 
to make a gray reaction to Congo red paper (pH 3.2 to 3.4) ; (2) talc adsorp- 
tion of the urine after acidification with glacial acetic acid; (3) preliminaiy 
extraction with ethyl ether, after acidification with glacial acetic acid, to 
remove ether-soluble porphyrins and subsequent extraction with ethyl 
acetate after addition of sufficient concentrated HCl to bring the pH to 3.2 
to 3.4; (4) preliminary extraction with ethyl ether, after acidification ivith 
glacial acetic acid, to remove ether-soluble porphyrins and subsequent talc 
adsorption. The application of the above procedures varied in certain 
respects, from sample to sample, as may be notec^ in the following. 

CasQ 16 — ^Porphobilinogen reaction, positive; zinc complex spectrum m 
the native urine with absorption maxima at 578 and 538 m^- (^) 
urine. Concentrated HCl was added to 3 deld a gray reaction to Congo 
paper. The urine was then extracted three times with 200 cc. amoun o 
ethyl acetate. The combined ethyl acetate was extracted four times w 
10 cc. amounts of 10 per cent HCl. The combined HCi was then 
with 3 volumes of methyl alcohol saturated in the cold with HCl gas. 

I We are indebted to the following individuals for making 
eamples and case analyses of six of the patients: Case 17, Dr. J. T. Ealsey 

John Gilson, Lakeside Hospital, Cleveland, Ohio; Cases 18 to --1, ‘ i. 

Barker and Dr. J. Shepheard, Johns Hopkins Hospital, Baltoore, 

23, Dr. James Orten, Department of Biochemistry, Dr. Clemen T)etxolt, 

A. S. Nadas, Department of Pediatrics, Wayne University Isledical 
Michigan. 
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standing overnight the total porphyrin ester was taken into chloroform and 
purified in the usual way (see Paper I), after which it was crystallized from 
chloroform-methyl alcohoL The melting points of the first crop of crystals 
and of serial recrystallizations were 248-252°, 256-260°, 261-262°, 261-263°. 
The latter crystals were further subjected to chromatographic analysis and 
decarboxylation, as noted in Table I, where they are designated as Case 16a. 
(6) 1000 cc. of urine were acidified with glacial acetic acid to pH 4.0. The 
total porphyrin was then adsorbed on talc and eluted with methyl alcohol- 
HCl as described in Paper I, The total porphyrin ester was taken into 
chloroform, purified in the usual way, and evaporated to dryness on the 
water bath; the residue was dissolved in benzene and mixed with one- 
half its volume of petroleum ether; chromatographic analysis with 
chloroform-benzene (1 :20) as sho\vn in Table I, Case 16b, was then carried 
out. 

Case 17 — 300 cc. of urine. Porphobilinogen reaction, positive; zinc com- 
plex absorption was present in the native urine, as noted above. The urine 
was acidified wth glacial acetic acid and then extracted repeatedly with 
ethyl ether to remove ether-soluble porphyrins. The ether fraction w'as 
not further worked up in this instance. The residual urine was acidified 
with concentrated HCl to a gray-blue reaction with Congo red paper, after 
which it was extracted repeatedly with ethyl acetate. The porphyrin was 
then removed from the latter by repeated extraction with small amounts of 
10 per cent HCl after which it was esterified by addition of 3 volumes of 
methyl alcohol-HCl. The porphyrin ester was purified and crystallized 
from chloroform-methyl alcohol. M.p. 256°; after one reciystallization, 
260-263°. Further disposal was as noted in Table I, Case 17 . 

C(ise 18 — Porphobilinogen reaction, positive; zinc complex spectrum in 
the native urine, as given above, (a) 250 cc. of urine were acidified with 
glacial acetic acid and extracted repeatedly with ethyl ether to remove 
coproporphyrin. This fraction was not further worked up. The residual 
urine was acidified with concentrated HCl to a gray-blue reaction with 
Congo red paper, after which it was extracted repeatedly with ethyl acetate 
which was then further treated as described for Case 17. The crystalline 
porphyrin ester obtained melted at 250°. This compound, however, was 
lost prior to further study. The residual urine was subjected to talc ad- 
sorption, as described in Paper I. The porphyrin was eluted and esterified 
by methyl alcohol-HCl, taken into chloroform, purified in the usual way, 
and concentrated to dryness. The diy residue was dissolved in benzene- 
chloroform and chromatographed on CaCOs. Five zones were noted, the 
next to the bottom of which was a porphyrin ester melting at 263°. The 
further treatment of this compound is indicated in Table I, Case 18a. The 
other zones were found not to be porphyrins. (6) 1800 cc. of urine were 
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porpbyrinscontoked 

adsorbed on talc and then eluted with methyl alcohol-HCl, aftenvhicb 

Md^p°v?n^"7 ?i f '7" chloroform, purified in the usual manner, 

porated to dryness. This residue was chromatographed and the 
zones were separated from other urinary pigments. Thepor- 
in to chromatographic analysis asshown 

acidified wiUi sufficient con- 
/I f ^ ^ 1‘eaction to Congo red paper. The urine was 

nmn ^ ^ our times w ith ethyl acetate. In this instance only a small 

y™ ’^''as obtained in the ethyl acetate; the larger fraction 
precipitated at t^^ mterphase. The porphyrin in the ethyl acetate was 

^ HCl, after which it was esterified, purified, and 

^stalhzed four times to a constant melting point of 262-263^ The 
ur er treatment of this substance is shown in Table I, Case 18c. The 
porp yi^ precipitate was also esterified and ciystallized. j^Vfter several 
recrystalhzations, a constant melting point of 260-264^ w'as obtained. The 
a sorp ion spectrum was also identical with that observed in Case 18c. 

■/k was not studied further, (d) 500 cc. of urine were acidified 

w g acia acetic acid and e.xtracted four times with ethyl ether to remove 
. e coproporphyrin. This was taken into 10 per cent HCl, esterified with 
volumes of methyl alcohol-HCl, and crystallized. It was found to con- 
coproporphyrin I, the methyl ester melting point being 240- 
• e residual urine \Yas acidified with sufficient concentrated HCl to 
give a^ay reaction to Congo red paper and w’as then e.xtracted three times 
^ ^ acetate. The combined ethyl acetate was extracted four times 
^vi per cent HCl and the porphyrin was esterified b}^ addition of 3 

VO 0 methyl alcohol-HCl. The porphyrin ester w’as purified and 

^ manner. Tlie crystals obtained, wdiich melted at 

wO , weie subjected to chromatographic analysis, as noted in Table h 
where they are designated as Case 18d. A very small amount of porphyrin 
lemaine in the urine after the ether ami etliyl acetate extractions. This 
was adsorbed on talc after neutralization of the HCl with sodium acetate 
and addition of glacial acetic acid to pH 4.0. Tlie porphyrin was eluted 
and esterified with methyl alcohol-HCl. The crystals obtained likewise 
melted at 261-262'', after having been rechromatographed twice and recrys- 
ta Iized repeatedly. The absorption spectrum was identical with that o 
the porphyrin from ethyl acetate. 

Case 19 Porphobilinogen reaction, positive; zinc complex absorption^ 
the native urine, (a) 500 cc. of urine w'ere acidified with glacial acetic am 
and extracted with ethyl ether to remove the coproporphyrin. HCl was 
added to the residual urine to give a gray reaction to Congo red papG^*) ^ 
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which the porphyrin was e.xtracted by ethyl acetate and was then taken 
from this into 10 per cent HCL After being esterified and crystallized in 
the usual way, the ester obtained melted at 260-262°. It was further 
treated as shown in Table I, where it is designated as Case 19a. (b) 3000 
cc. of urine were acidified with glacial acetic acid to pH 4.0. Talc adsorp- 
tion followed by elution with methyl alcohol-HCl was then effected; the 
porphyrin methyl ester thus obtained melted at 252-256° and was further 
treated as indicated in Table I, Case 19b. 

Case 20 — 2000 cc. Porphobilinogen reaction, positive. After acidifica- 
tion \\ith glacial acetic acid the coproporphyxin was extracted into ethyl 
ether. The methyl ester of this porphyrin, obtained in the usual manner, 
was found to consist of isomer Type III, m.p. 140-142°. After addition 
of HCl to the residual urine, the entire ether-insoluble porphyrin was taken 
into ethyl acetate and thence into 10 per cent HCl. After esterification and 
purification in the usual way, the porphyrin ester obtained melted at 182- 
184° (first crop). The melting point after three recrystallizations was 
constant at 250-252°. Further disposal was as noted in Table I, Case 20. 

Case 21 — 600 cc. Porphobilinogen reaction, positive; zinc complex spec- 
trum in the native urine. The urine was handled by preliminary ether and 
subsequent ethyl acetate e.xtraction, as in the preceding case. A Type I 
coproporphyrin was obtained in this instance, the methyl ester melting at 
240-242°. After three reciystallizations and prior to chromatographic 
analysis, the ether-insoluble porphyrin methyl ester melted at 258-261°. 
The further treatment of this porphyrin is shown in Table I, Case 21. 

Case 9 — Porphobilinogen reaction, positive; zinc complex spectrum in the 
native urine, (a) 4000 cc. of urine were treated as in the two preceding 
cases. The ether-soluble porph^Tin in this instance was Type IH copropor- 
phyrin exhibiting a dimorphic melting point of 143-146° and on cooling and 
remelting, 160°. The methyl ester isolated from the ethyl acetate by the 
usual procedure melted at 258—259° after three reciystalhzations. Further 
disposal was as noted in Table I, Case 9a. (6) 3000 cc. of urine 

were acidified with glacial acetic acid to pH 4.0. Talc adsorption and elu- 
tion with methyl alcohol-HCl w'ere then carried out. The chloroform solu- 
tion of the porphyrin ester was evaporated to dryness, and the residue dis- 
solved in benzene w’^as subjected to chromatographic analysis to remove 
other urinary pigments. Further chromatography and decarboxj’lation of 
the porphyrin ester w^ere carried out as noted in Table I, Case 9b. 

Case o — 3000 cc. Porphobilinogen reaction, positive; zinc complex ab- 
sorption spectrum in the native urine. The urine was first acidified with 
glacial acetic acid and the coproporphyrin fraction removed, serial re- 
crj’stallizations of the copro ester and its mother liquor after chroma to- 
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the Porphyrm e°ie7wrtaki“ !‘m ™‘'>3'Ulcohol-HCI, .fte.B, 

and evaporated to dryness reS?””’ 

porphyrin rones wereTepL te^LrlV'^ “' 

pl.yrmfaotion,vasfurll»rsuwlledYh 

the„ea.racS;:?l:fXC“^^^^^^^ "'“^'1 

amount of nnmK^rr^.v , , t. . • *; tins instance only a small 

precipitated at the interphas^Vhe no 

extracted with 10 per cent HCI nJf^ P°i;P^j;nn m the ethyl acetate was 
reciystallized four^imes to a can ? it was estenfied, purified, and 
further treatmran+ - ^ t. melting point of 262-263“’. The 

porXJ; nrSne ' Table I, Case I8c. The 

recrystallization^ n ^ ''f ^ ^ esterifiecl and ciystallized. After several 
.taCiorsS,L ! point of 200-204" was oblsiaed. Th. 

This comnound W51 identical with that observed in Case 18c. 

^vith glacial acetic « ^ udied further, (d) 500 cc. of urine were acidified 

the coproporphyrin TId ethyl ether to remove 

3 volumes of mofi *i f^aken into 10 per cent HCI, esterified witli 

-ct mainlv of on and crystallized. It was found to con- 

242®. Thp rp . methyl ester melting point being 240- 

give a ffrTrV rpnn+‘^^ acidified with sufficient concentrated HCI to 

with ethyfacetate” e.xtracted three times 

^vith 1 0 nAt* ^ ^^iiihined ethyl acetate was extracted four times 

vXmlsTrrK f? "‘P PPPPl'y™ »•“ esteriSoi by""!*- 

CySte “''““-HCI. The porphyrin ester Js pupW 

258-2W° 1 r . ^1 manner. The crystals obtained, which melted at 

where thpv jected to chromatographic analysis, as noted in Table l, 

remainpfl Gsignated as Case ISd. A very small amount of porphyria 

was arlnni-li I after the ether and ethyl acetate e.xtractions. This 

„ j ‘ ^ neutralization of the HCI with sodium acetate 

nnrt *0 pH 4.0. The porphyrin was eluted 

meltpH .Toef ??no alcohol-HCl. The crystals obtained likewise 

x„ii- 1 ’ nfter having been rechromatographed twice and recrjs- 

ize repeate ly. The absorption spectrum was identical with that of 

the porphyrm from ethyl acetate. 

asel^ porphobilinogen reaction, positive; zinc complex absorption in 
e na ive onne.^ (a) 500 cc. of urine were acidified with glacial acetic aci 
othyl ether to remove the coproporphyrin. HCI 
added to the residual urine to give a gray reaction to Congo red paper, after 
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which the porphyrin was extracted by ethyl acetate and was then taken 
from this into 10 per cent HCl. After being esterified and crystallized in 
the usual way, the ester obtained melted at 260-262°, It was further 
treated as shown in Table I, where it is designated as Case 19a. (b) 3000 
cc. of urine were acidified with glacial acetic acid to pH 4.0. Talc adsorp- 
tion followed by elution with methyl alcohol-HCl was then effected; the 
porphyrin methyl ester thus obtained melted at 252-256° and was further 
treated as indicated in Table I, Case 19b. 

Case 20 — 2000 cc. Porphobilinogen reaction, positive. After acidifica- 
tion udth glacial acetic acid the coproporphyrin was extracted into ethyl 
ether. The methyl ester of this porphyrin, obtained in the usual manner, 
was found to consist of isomer Type III, m.p. 140-142°. After addition 
of HCl to the residual urine, the entire ether-insoluble porphyrin was taken 
into ethyl acetate and thence into 10 per cent HCL After esterification and 
purification in the usual way, the porphyrin ester obtained melted at 182- 
184° (first crop). The melting point after three recrystallizations was 
constant at 250-252°. Further disposal was as noted in Table I, Case 20. 

Case 21 — 600 cc. Porphobilinogen reaction, positive; zinc complex spec- 
trum in the native urine. The urine was handled by preliminary ether and 
subsequent ethyl acetate extraction, as- in the preceding case. A Type I 
coproporphyria was obtained in this instance, the methyl ester melting at 
240-242°. After three recrystallizations and prior to chromatographic 
analysis, the ether-insoluble porphyrin methyl ester melted at 258-261°. 
The further treatment of this porphyrin is shown in Table I, Case 21. 

Case 9 — ^Porphobilinogen reaction, positive; zinc complex spectrum in the 
native urine, (a) 4000 cc, of urine were treated as in the two preceding 
cases. The ether-soluble porphyrin in this instance was Type III copropor- 
phyrin exhibiting a dimorphic melting point of 143-146° and on cooling and 
remelting, 160°. The methyl ester isolated from the ethyl acetate by the 
usual procedure melted at 258-259° after three recrystallizations. Further 
disposal was as noted in Table I, Case 9a. (6) 3000 cc. of urine 

were acidified with glacial acetic acid to pH 4.0. Talc adsorption and elu- 
tion with methyl alcohol-HCl were then carried out. The chloroform solu- 
tion of the porphyrin ester was evaporated to dryness, and the residue dis- 
solved in benzene was subjected to chromatographic analysis to remove 
other urinary pigments. P^rther chromatography and decarboxylation of 
the porphyrin ester were carried out as noted in Table I, Case 9b. 

Case 5 — 3000 cc. Porphobilinogen reaction, positive; zinc complex ab- 
sorption spectrum in the native urine. The urine was first acidified with 
glacial acetic acid and the coproporphyrin fraction removed. Serial re- 
crystallizations of the copro ester and its mother liquor after chroma to- 
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parison it may be noted that the urine in this case contained but 0.5 mg. 
per 100 cc. of coproporphyrin, and 1.8 mg. per 100 cc. of uroporphy- 
rin. The methyl ester melting point of the coproporphyrin from the feces 
was 249-250'^. No evidence was obtained for the occurrence of uroporphj^- 
rin in the feces of this patient. ^ 


Decarboxylations 


These were carried out as described in Paper I, It was found to be im- 
material whether the products of decarboxylation were esterified directly 
by addition of methyl alcoliol-HCl, or after preliminary extraction with 
ether, and then from ether to dilute HCl, followed by esterification, A total 
of seventeen decarboxylations were carried out, eleven of which were pri- 
mary in that they were done on the crude uroporphyrins isolated from the 
urines in Cases 5, 9b, 16a, 17, 18a, 18b, 18c, 19b, 20, 21, and 23. Secondary 
decarboxylations were carried out on porphyrins from the primary de- 
- ^carboxylations in Cases 9b, 18a, 18b, 18c, 19, and 21 (see Table I). 

, ' » Table I it may be noted that the coproporphyrins obtained in the 
' •» 4 decarboxylations (Cases 18a, 18b, 18c, 19b, 21, and 9b) all ex- 

ited methyl ester melting points between 236-246°, in all instances 
slightly lower than the melting point of pure coproporphyrin I methyl ester. 
It was essential to determine whether small amounts of coproporphyrin III 
were present, since if this were true, it would support the belief that the 
original 260° porphyrin, or the Waldenstrom porphyrin behaving as an 
entity, contained a small fraction of Type III isomer (the 208° porphyrin ?) 
bound in some way to a large fraction of uroporphyrin I. The individual 
amounts of coproporphyrin were too small in each instance to permit frac- 
tional crystallization of Type I and III isomers, but since the problem was 
the same in each case, the crystals from each were combined, rechromat^ 
graphed, and recrystallized. The substance thus obtained melted at ; 
so that a greater degree of purity had been achieved. The mother liquor 
was further concentrated but, since no further ciystalliz'ation occurred, the 
copper complex was prepared, as described in Paper I. This melted, after 
repeated recrystallizations, at 200° (coproporphyrin III methyl ester copper 
complex). The copper complex prepared from the coproporphy^ 
methyl ester melting at 248° was noted to melt at 262°, as expected. 


* Since this was written, three additional samples of feces from this patien 
made available to ua. Uroporphyrin was not found in any, nor was there any e 
insoluble porphyrin. It is noteworthy, however, that while the first three o 
four samples contained coproporphyrin I, the fourth sample received about m ^ 
later contained coproporphyrin III together with considerable protoporp ^ 
and, again, a relatively large amount of coproporphyrin I, estimate a 
mately 10 times that of the Type III isomer. The significance of the presence 
latter in this sample is not clear. 
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the copper complex of the coproporphyrin III methyl ester it was now pov 
sible to prepare the free ester. The copper was split out by treatment ith 
concentrated sulfuric acid, after which the porphyrin was reesterified and 
chromatographed in the usual way. The resulting crystals from methyl 
alcohol melted at M0-142°, and the absorption was that of a coproporphy- 
rin methyl ester. Thus definite evidence was obtained for the presence of 
a small amount of co proporphyrin III, with a large amount of coproporphy- 
rin I, in the original mixture. In this connection it is quite probable that 
the native coproporphyrin I methyl ester isolated in various instances (see 
Table I) contained small fractions of coproporphyrin III, since the melting 
points were slightly low. 

In Table I, it will be noted that the porphyrin esters obtained after chro- 
matographj' of the primary decarboxylation products melted for the most 
part in the range indicating either the 224° porphyrin or coproporphyrin I. 
In Case 18a the melting point was lower, at 208-212°. This together '^vith 
the higher absorption maxima indicated a mixture of the 208 and 224 
porphyrins. Correspondingly, the coproporphyrin obtained by secondary 
decarbo.xylation melted at 230°. It may be that much of the coproporphy- 
rin III described in the foregoing paragraph was donated from this case. 

The decarboxylation of the 284° porphyrin from Case 23 was of particular 
interest with respect to the 224° porphyrin, since it was the only product. 
This proves that it is derived solely from the Type I isomer, since in this 
case there was no evidence for the presence of any of Type III. 

Studies of Artificial Mixtures 

A series of experiments was carried out in which mixtures consisting of 
varying proportions of the 258-262° porph 3 '^rin and the 208 poiphyiin ^^ere 
prepared. The mixtures were studied as to melting point, chromatogiap ic 
behavior, and decarboxylation products. These experiments aie best e 

scribed as follows : ^ 

A mixture was prepared consisting of porphyrin methyl esters from Case 
21 and from Case 15 (approximately 3:1). The ester melting point o e 
former was 262° and that of the latter 258°. The former ^ 

the CaCOa column, while the latter was readily separated into 284 and 
porphyrins, in confirmation of the result given for this material in 1 aper 1. 
The mixed melting point was 257-258°. This mixture could not be resolved 
on a CaCOa column, exhibiting but a single zone. Decarboxy ation ^\as 
then carried out. Chromatographic analysis of the product yielded but a 
single zone. The absorption band in the red for this poip yiin isso \ e 
in chloroform was 623.1 m/i. After three recrystallizations, the nielting 
point was diffuse at 200-224°. The compound was o 

and recrystallized with identical behavior, the melting point eing 
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Tabic I Summary of diaractcnstics of porphyrins 
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isolated from urines of various porphyria eases 
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The material was again decarboxylated and the products were chromato- 
graphed. The band was now 622.1 m/z (in CHCb). After three recr}^stal- 
lizations the melting point was 228-232®. In view of the fact that but one 
zone ^va.s present (on the chromatogram) this melting point was believed 
to represent a mixture of relatively much coproporphyrin I and relatively 
little coproporphyria III, as expected from the original mixture. 

A mixture was prepared consisting of 3 parts of the porphyrin methyl 
ester melting at 267-271® from Case 5 and 1 part of the 208® porphyrin from 
Case 9. Both of these behaved as entities on the CaCOa column. Chromat- 
ographic analysis of the mixture yielded two zones with melting points of 
260® and 208®. The crystals from each of these zones were mixed and de- 
carboxylated together. The crystals of the methyl ester thus obtained 
resembled those of coproporphyrin HI and exhibited a constant melting 
point at 160-161® after four recrystaliizations. These crystals and the 
mother liciuor, which was very red, were mixed and chromatographed to- 
gether, yielding two zones on the column, the first of which exhibited an 
absorption band in the red of 622.8 m/t, and a melting point of 221-224® 
^er three crystallizations ; the second, an absorption spectrum of 622 ra^ 
a melting point of 142-144® after four crystallizations. The crystals 
characteristic or coprop orphyrin III methyl ester. The first zone 
was further decarboxylated, crystallized, chromatographed, and recrystal- 
iized three times to give an ester with an absorption band having a mau- 
mum of 62L8 m^x, and a melting point of 240-242®. These characteristics 
and the type of crystal served to identify the substance as the methyl 
ester of coproporphyrin L 

A mixture of porphyrin methyl estem was prepared consisting of 1 part 
of the 262® porphyrin from Case 18 and 3 parts of the 258® porphyrin from 
Case 9. The former ester was an entity on the CaCOs column, while the 
latter was easily separated into the 284® and 208° porphyrins. T is 
mixture yielded two zones on chromatographic analysis, the first zone me 
ing at 268-269® and the second at 207-208®. Decarboxylation of the mix- 
ture of these two zones and subsequent chromatographic analysis o e 
product yielded one zone with an absorption spectrum of 622 W ^ 
following melting points, on serial recrystallization; (1) 178-186 , 1 ^ 

208®, (3) 216-224®, (4) 224-230®, (5) 230-236®, (0) 238-240®, (7) 

The mother liquor from the first three recrystaliizations was 
and further concentrated, yielding rosettes of prisms melting at 
(coproporphyrin III methyl ester). _ ^ 

A mixture of porphyrin esters was prepared consisting P 2 os® 
chromatographic entity melting at 262® from Case 18 and 1 par o 
porphyrin from Case 9. This mixture behaved as^one porp 
CaCOa column, and the melting point was 257-260®. 


le - 

Upon decarboxyla- 
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tion and chromatography but a single zone was obtained. This exhibited 
an absorption band in the red having a maximum of C22.8 m^. The melt- 
ing point was 231-234° after five recrystallizations. The mother liquor was 
somewhat colored but failed to yield additional crystals on further concen- 
tration. 

On many occasions mixtures of the pure 284° and 208° porphyrin esters 
from various sources have been resolved into their two characteristic zones 
on tl\c Tswett column, and at no time has any evidence been noted of a 
combination of these porphyrins following artificial mixture. On the other 
hand, mixtures of the 284° and the 2G0° porphyrins (or Type B Walden- 
strom porphyrin; see the diagram below), regardless of proportion, behave 
as entities on the Tswett column (CaCOa). 

Thus, three mixtures of the 260° and 284° porphyrins, in varying pro- 
portion, were dissolved and chromatographed. In each instance but one 
zone resulted. The proportions of the mixture, and the melting points 
of the crystals from the resultant zones, w^cre as follows; 

3 parts of 260“ + 1 part of 284“ 268-269“ 

1 part “ 260“ 4- 1 “ “ 284“ 268-270“ 

1 ** " 260“ + 3 parts “ 284“ 270-272“ 

This rather surprising result makes it clear that melting points lower 
than 284°, as discussed in Paper I, may be due in some instances at least 
to the presence of a small amount of the 260° porphyrin, quite possibly in 
molecular combination with uroporphyrin I. 

Solubilities 

It was pointed out in Paper I that the 208° porphyrin, once purified, 
could be saponified and extracted quantitatively by ethyl acetate from the 
aqueous phase after the pH is adjusted to 3.2 to 3.4. The pure 284 poi- 
phyrin is not e.xtracted by ethyl acetate. This has been confirmed in the 
present study for the 284° porphyrin isolated fj om the liver of Case 5. It 
may be noted, however, that about one-third of the 284 porphyrin in the 
urine of Case 23 (congenital porphyria) was extracted by ethyl acetate. 
This can only be assumed to have been conditioned by impurities in the 
urine, since after saponification of the crystalline ester the free uroporph} rin 
Was quite insoluble in ethyl acetate and was not extracted from an aqueous 
solution of pH 3 .2 to 3 .4 . 

Porphyrins of the Waldenstrom type isolated from Cases 5, 9a, 1 , an 
I8c, and whose methyl esters melted variously between 258-275 , were 
saponified and brought into a dilute HCl solution of pH 3.2 to 3. . n 
every instance the porphyrin was extracted quantitatively from t ese 
solutions by ethyl acetate. 
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DISCUSSION 

Theoresentstudy has madMt clear thaMheWaldenatrom type p..pl^ 

aaiSfrom thi urine of certain porphyria cases behaves .3 
“hl rother instances it is readily separable mto ”»P«by“^ 

208° DorDhvrin the latter, according to the results in Paper I, h g 

“en"ea?S^oups. Theporphy™behavin,as.n^n^eT™^^^ 

column appears to possess a limited bmdmg power for the 208 pW 
S sZ^^n the mixture expei-iments. This quality is not posseted te 

pure 284° porphyrin (uroporphyrm I methyl ester), «nc^^ 

208“ porphyrin are readily resolved on t e (Uofinctly limited as 

ing of 208“ porphyrin by the Waldenstrom .gain on 

to quantity; if larger amoimts are a^ded they ^ exists 

the calcium carbonate column. The fac which behaves as an 

suggests that that type of Waldenskom porp porphy- 

entity may represent a chemical eo-bmajon of th 284 p„, 

, rins. The possibility must also be considered ^ of other, as 

ihyrin in these instances represents a molecidar decarboxyl- 

ret unidentified. Type l and Type III P^^^^ ^JbUity since they show 
ition studies are quite in harmony vath ei er p ^ I and a 

hat the initial 260 “ porphyrin consisted of a large fr JP 

nnall fraction of Type III isomers, 

secondary decarboxylations in which ^^f^^re of much P 
and little coproporphyrm III was proved ^ be p ^ delineation of 

The present studies, together with thos This diagram is 

the relationships shown in the J irect decarboxyla- 

self-explanatory with one exception. It is porphyrin mixture 

Uou of the Type A Weldenstrbm P«P»y™ ^ “.Vyi U p..*'' 
melting at 162°, while decarboxylation of the . jjj is easily ob- 

tive of a mixture melting at 208-216“. ^°P^°P° difficulty and m 

tained from the former, but as is believed to indicate 

very small amount from the latter. This differe ^ 3 ..,er 

thS the Type B Waldenstrom porphyrm contains m 

Type HI than is true of the Type A. ^ ^^^^arison of theurmesint 

These studies have also permitted a be , ■ This is based, he ' 

cougeaital and intennittent acute ^“‘’Smsbld with t.®tf- 

eve?, on hut two cases of the type ^ ^ Ta fe & 

t IT- Ser''iludie^2™';£‘cle» that the ""J 

ph?Sl^.V^lto^;o"co„p.s^ at ..t m.in.V P 
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corresponding in configumtion to etioporphyrin I. It appears that the 
Type I isomer alone is excreted in congenital porphyria, while in the inter- 
mittent acute type the situation is more complicated, the Type I isomer 
predominating, but in association with, minor fractions of porphyrin 
corresponding to etioporphyrin IIL This association is represented in 
some cases by a mixture of uroporphyrin I with the 208*^ porphyrin, a hep- 
tame thyl ester of Type III configuration; in others by a combination of 
relatively much Type I and relatively little Type III porphyrin, which may 
be, respectively, the 284® and 208® porphyrins, although this has not been 
proved. Whether occurring as a mixture separable on the Tswett column, 
or as a molecular combination behaving as an entity, the porphyrin initially 
obtained from the urine by Waldenstrom's ethyl acetate extraction, or by 
other methods, exhibits an ester melting point in the neighborhood of 260^ 
This porphyrin is insoluble in ether and thus resembles uroporphyrin I, but 


Table II 

Characteristic Dijjferences in Urines of Congenital and Intermiileni Acute Types 

of Forphyria 


Congenital 


Majority or all of porphyrin in free state, 
not combined with zinc 
Relatively large amounts of uro^ and 
coproporphyria I 


Porphobilinogen absent 
Urine purer red in color 


Intermittent acute 

All or most of porphyrin present as zinc 
complex 

Small amounts of porphyrin eotiskiwg 
of mixture of 260° porphyrin with cop- 
roporphyria, either Type I or III, or 
a mixture 

Much porphobilinogen and porphobnifi 

Urine exhibits browner tint 


is not its isomer, nor has any evidence been obtained in the present stu y 
for the occurrence in nature of a uroporphyrin IIL ^ 

The variation in excretion of the coproporphyria isomers is 
stood. In some instances only coproporphyria I was obtained, ^ ^ 
only coproporphyria III, and in some instances a mixture of t ^ isome 
This variation bore no obvious relationship to other factors, 

sumiARY 

1. A. study of the urine porphyrins from eight additional 
porphyria, seven of the intermittent acute, ‘and one of the jn 

has failed to yield any evidence for the occurrence of 
five of the seven cases of the intermittent acute type the Wa 
phyrin behaved as a chromatographic entity. Evidence * .^ypel 
to show that this porphyrin is a combination of a large amou 
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and a small amount of Type III isomers. In two of the seven cases the 
Waldenstrom porphyrin as initially isolated behaved as described in Paper 
I, being readily separated chromatographically into the 284° and 208° por- 
phyrins. In the case of congenital porphyria only Type I isomer was pre- 
sent, the urine containing uroporphyrin I and coproporphyrin I in an 
approximate ratio of 3 : 1 . 

2. The feces from two intermittent acute cases contained uroporphyrin 

I, in one instance associated with coproporphyrin I, and in the other with 
considerable coproporphyrin III, together wth the 208° porphyrin. The 
significance of this variation is not clear. The feces from the congenital 
porphyria case contained coproporphyrin I, alone, in large amount in three 
of four ruas, while in the fourth, a small fraction of coproporphyrin III 
N\as also present. Uroporphyrin was not found in any of the four samples. 

3. Uro- and coproporphyrin I were isolated from the liver of one of the 
intermittent acute cases dying of the disease. The gallbladder bile in this 
case contained only coproporphyrin I. 

4. The method of isolation was found not to be material with respect to 
the character of the porphyrins of either urine, feces, or liver. 
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THE RELATIONSHIP OP THE ADENOSINE POLYPHOSPHATES 
TO FATTY ACID OXIDATION IN HOMOGENIZED 
LIVER PREPARATIONS* 


By iVLBERT L. LEHNINGER 

(From the Department of Physiological Chemistry, Medical School, 
University of Wisconsin, Madisori) 

(Received for publication, September 11 , 1944 ) 

^ Perhaps the greatest sbgle difficulty encountered in the study of the 
mtunate mechanisms involved in the oxidation of fatty acids to smaUer 
Uagments has been the fact, noted by Quastel and Wheatley (1), that when 
ver cells are ruptured or disorganized in vitro they lose the power to oxidize 
fatty acids. This observation has been repeated often and it is striking, 
ecai^e this oxidation is one of the most prominent metabolic activities of 
the liver in vivo. As a consequence of this property, the study of the 
enzymes and mechanisms of the oxidation has been confined to perfusion 
and surviving slice techniques, which have obvious limitations. Since the 
use of minced tissue and tissue extracts has enabled investigators to make 
detailed deductions about the mechanism of glycolysis and the terminal 
o)ddation of pyruvic acid, it is felt that comparable progress cannot be made 
'vvith reference to fatty acid oxidation until such oxidation can also be 
realized in minced liver or in liver extracts. 

In 1939, Leloir and Munoz (2) reported a limited success in this direction. 
They found that when liver was homogenized at low temperatures it some- 
times retained the power to oxidize butyric acid, as evidenced by production 
of the ketone bodies. It was found necessary to pass o?^gen through the 
brei at all times to maintain its activity. The 4-carbon dicarboxylic acids 
enhanced this activity. These observations have been confirmed in this 
laboratory. The effect is not always obtained and even an active prep- 
aration retains its activity for only a period of minutes. These data were 
extended by the same authors in 1943 (3) when they described fatty acid 
oxidation by a partially purified enzyme preparation from guinea pig liver. 
Thw enzyme, in the presence of adenylic acid, inorganic phosphate, raag- 
nesiim ions, cytochrome, and a high concentration of fumarate was able to 
oxidize the lower fatty acids (up to 8 carbon atoms) at rates which were not 
always reproducible in different preparations. The preparations were not 
always successful and were stable for only short periods. Other significant 
features, also confirmed by us, were the facts that a boiled tissue juice could 

^ substance of this communication was presented in preliminary form as a 

etter to the Editors” of this Journal in June, 1944 (J. Biol. Chem., 164 , 309 ( 1944 )). 
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sometimes activate the system and that determinations of phosphorus 
exchanges in the reaction medium showed that there was a decrease in 
adenosine triphosphate (ATP) phosphorus and phosphopyruvic acid P and 
an increase in inorganic phosphate in the presence of butyric acid. Leloir 
and Muh025 felt these changes indicated that the oxidation of the fatty 
acid was in some way coupled with a phosphorylation but they did not 
suggest a possible mechanism for this effect. 

As a consequence of many observations made in this laboratory since 
1940 and the data reported by Leloir and Munoz in their pioneering attack 
on this difficult problem, it was found possible to explain these facts satis- 
factorily and prepare liver homogenates, stable for relatively long periods, 
which would consistently oxidize fatty acids having up to 18 carbon atoms 
at a high and fairly reproducible rate. These preparations offer a direct and 
practical approach to the detailed study of the oxidation of higher fatty 
acids. 

The difficulty in obtaining active liver minces and extracts Mthout 
certain special precautions and treatments as described by Leloir and Munoz 
can be explained if it is assumed that a relatively high concentration of 
adenosine triphosphate (or the diphosphate) is required to activate or m 
some manner facilitate the oxidation of the fatty acid by the liver prep- 
aration. Reasons for this assumption are enumerated. 

1. ATP is known to be rapidly dephosphorylated on stimulation or 
disruption of cell structure, by specific or non-specific phosphatases (4). 
In the preparation of a liver extract, dilution of cell constituents reduc^ 
the ATP concentration still further. Any broken cell preparation use 
for testing fatty acid oxidation would be very low or lacking in ATP. 

2. The work of Kalckar (5), Warburg and Christian (6), Colomck an 

associates (7), Ochoa ( 8 ), and others has amply demonstrated that with t e 
oxidation of carbohydrate material in tissue extracts inorganic phosp a e 
is esterified and adenylic acid becomes phoshorylated to the euergy-r^c 
di- and triphosphates. The essential components of such a system, name y 
glucose (or the C 4 acids, pyruvate, etc.), adenylic acid, inorganic phosp a 
and the usual hydrogen transport factors, are exactly those 
necessary to support fatty acid oxidation in the experiments 0 i ^ 
and Leloir. The fumarate they used provided substrate fn 

which were capable of phosphorylating adenylic acid to AT , w 

turn is presumed necessary for the oxidation of fatty acids in sue 

3. The necessity for oxygenation of the liver brei earlier ^ 

Leloir and Munoz is a corollary of (2). Oxygen is require 0 

the oxidations and hence the aerobic phosphorylations » content oi 

4. The activation by boiled tissue juice could be due to 1 
ATP, although this would depend on its mode of preparation. 
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0 . The figures presented by .Munoz and Leloir on the phosphorus dis- 
tribution miglit well indicate that ATP was used up during fatty acid 
OMdation (decrease of easily hydrolyzed P compared to control extract) as 
the phosiihojiyruvic acid, which is known to phosphorylate adenylic 


warranted a direct experimental trial 
^ activation of fatty acid oxidation. Munoz and Leloir 

mentioned that ATP could be substituted for adenylic acid in their complele 
system, but in this experiment they could not have distinguished between a 
possible specific effect of ATP or its effect due to the formation of adenylic 
acid by dephosphorylation. 

Preliminary experiments to test this interpretation showed that ATP 
could indeed activate the oxidation of fatty acids by a homogenized liver 
preparation and, after a study of optimum conditions for this activation 
u'as made, the activity and properties of a standard system were investi- 
gated, as is described in detail in the following sections. 


EXPERIMENTAL 

1. Preparative The fatty acids used were pure Eastman products. The 
acids having up to 8 carbon atoms were redistilled; the higher acids were 
^ed as purchased. They were neutralized with the required amount of 
AaOH and adjusted before the experiment to pH 7.5. The acids having 10 
or more carbon atoms were brought into solution at 60-70° with NaOH, 
adjusted to pH 8.0, and cooled. The higher acids exist partly as soaps and 
partly as free acids at this pH and not all the material is in solution at 25° in 
the stock concentrations used. 

ATP was isolated from rabbit muscle following magnesium anesthesia 
(9) according to the method of Needham (10). It was usually carried 
through two precipitations of the mercury salt to give preparations having 
an acid-labile P to total P ratio of not less than 0.64. 

Adenosine diphosphate (ADP) was prepared enzymatically from ATP by 
the method of Bailey (11). Purified myosin from rabbit muscle (11) was 
as the specific phosphatase. The product had an acid-labile P to 
total P ratio of 0.48. 

Inosine triphosphate was prepared by deamination of ATP with nitrous 
^cid and inosine diphosphate was prepared enzjonatically from the tri- 
phosphate according to Kleinzeller (12). They were of the same order of 
purity as the ATP and ADP. Muscle adenylic acid was a recrystallized 
commercial product (Laokoon). Phosphocreatine was prepared synthet- 
ically (13) and obtained analytically pure by alcohol precipitation of the 
calcium salt according to Fiske and Subbarow (14). Phosphopyruvic acid 
'v'as a synthetic preparation (15) containing 19 per cent of its phosphorus 
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as inorganic phosphate. Diphosphopyridine nucleoticJe was isolated from 
bakers^ yeast by the method of Williamson and Green (16) and was 46 
per cent pure, as determined spectrophotometrically after hydrosuUite 
reduction. Cytochrome c was prepared from beef heart by the method of 
Keilin and Hartree (17). Its concentration was also determined spectro- 
photometrically. Inosinic acid was isolated from rabbit muscle by the 
method of Ostern (18). The 3-phosphoglyceric a^id and fructose-6- 
phosphate were gifts of Dr. G. A. LePage. Fructose diphosphate, adenosine, 
adenine, hypoxanthine, choline, thiamine pyrophosphate, and the glycero- 
phosphates were commercial preparations. 

In general, the degree of purity of all compounds %ed was established 
by appropriate analytical methods. The organic phosphates were con- 
verted into their sodium salts in suitable stock concentration and adjusted 
to pH 7.5 before use. 

Analytical Methods — ^For measurements of oxygen uptake standard 
Warburg flasks of 16 ml. total volume were used. The experiments were 
nm at 25® and in all cases the gas phase was air. The equilibration period 
was 5 minutes, at which time the taps were closed and the substrates tipped 
if A'lntf (hW sttdf anir. /mji'gamu piYuspihrt'u amf Ate* 
of the adenosine polyphosphates (liberated by 7 miimtes hydrolysis at 
LOO® in 1 N HCl) were determined on trichloroacetic Jicid filtrates of the 
reaction media by the method of Fiske and Subbaro\v (19), adapted to 
photoelectric measurement. The fatty acid determinations were performed 
>y the distillation technique described by Leloir and Munoz (2). 

•S. Preparation of Liver Homogemte — Adult white rats on a standard 
aboratory diet were decapitated and bled. The liver w^ removed, washed 
n a stream of distilled water, and chilled on crushed ic^. It was then cut 
nto small pieces with scissors and homogenized in the device of Potter and 
Elvehjem (20) wth 2 volumes of ice-cold buffer. The buffer used was the 
&ebs-Ringer phosphate buffer (21) adjusted to pH B.O. Calcium was 
jmitted from the buffer. The preparation was then filtered through two 
ayers of gauze and stored at 0® until ready for use. Prolonged homo- 
genization in high speed, close fitting homogenizers was found to r^ult in 
complete inactivation of the enz 5 rmes responsible for f^tty acid oddation 
without affecting the endogenous respiration. The ()ptimum time or 
homogenization was 1 to 2 minutes for our apparatus; this factor 
easily controlled by a pilot experiment on the particular apparatus * 
Microscopic examination of the homogenate showed practically ^ ^ 
cell rupture. The homogenates were aged before use^ as 
certain experiments, to allow maxi m u m destruction of Organic j 

by phosphatases. All experiments reported in this papfer were P®^^ . 

in dupUcate on preparations from at least three rats and the data repr 
average figiures. 
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4. Requirement of ATP for Oxidation of Ocianoic Acid — ^To demonstrate 
the activating effect of ATP on octanoic acid oxidation the following system 
was found to give optimum results. The main compartment of the War- 
burg vessel contained 0.25 ml. of fresh homogenate (added just before 
equilibration), 0.20 ml. of 0.13 m phosphate buffer of pH 8.0, 0.10 ml. of 
cytochrome solution, and 0.25 ml. of ATP solution. The center well was 
equipped with a filter paper roll and 0.2 ml. of 10 per cent KOH, and the 
side arm contained 0.20 ml. of the sodium octanoate solution. After 
equihbration the substrate w*as tipped in and measurement of oxygen uptake 
begim. The flask then contained 0.8 ml. of reaction medium with a final 
concentration of 0.0025 ATP, 4.0 X 10^ m cj^ochrome, 0.0075 m sodium 



Pig. 1. The requirement of adenosine triphosphate (ATP) in the o.'tidation of 
octanoate by rat liver homogenate Curve A, complete system + substrate + 
ATP; Curve B, complete system \\’ithout substrate + ATP; Curve Bi, compete 
system ^\•ithout substrate or ATP; Curve C, complete system + substrate withou 
ATP; Curve D, complete system 4- substrate + ATP without cytochrome c, urve 
E, complete system without substrate 4- ATP without cytochrome 


octanoate, 0.030 m disodium phosphate, 0.021 m sodium chloride, 0.0008 
M potassium chloride, 0.0002 m magnesium sulfate, and approximately 
of homogenized liver tissue. The control flask (for detenninmg t e 
endogenous activity) contained 0.20 ml. of H2O mstead of the su stra e 
solution. When components were omitted, a corresponding volume 0 
water was substituted. The essential data of a t3q)ical experiment, emon 
strating the requirement of ATP for oxidation, are shown in Fig. !• 

It will be seen that the presence of ATP allows a considera e ex ra 
oxygen uptake above the endogenous level. The nece^ty for t e 
of ATP is shown by the curves representing the activity without ^ , m 

which case the endogenous level is almost identical with that in t e presence 
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of ATP, but in the presence of added octanoate there is an actual inhibitioD 
of respiration. This is probably due to generalized inhibition of enzymes 
by the surface activity of higher fatty acids and soaps. This inhibition has 
been noted before by Munoz and Leloir in tMs connection and inhibidon of 
other enzymes by fatty acids has been noted (for instance, several oxidases 
in liver extracts (22) and diastase (23)). This effect is covered more fully 
in a later section. The necessity’’ of adding extra cytochrome to maintain 
the ma>dmum total respiration and linearity’ of uptake is also erident. 

The respiration falls off quickly after 40 minutes in this experiment be- 
cause of the decrease in ATP concentration. If more ATP and substrate 
are added at this point from a second side arm, the respiration becomes 
linear again for 30 to 40 minutes. The difficulties involved in using higher 
substrate concentrations are considered in a later section. 

That the extra oxygen uptake actually reflected oxidative destruction of 
the fatty acid was shown by^ determining the amount of octanoate before 

Table I 

OiidaU'ue Utilization of Octanoate 


The experiment was arranged exactly as that shown in Fig. 1, with ail smounts 
Qultiplied by 6 to give a total volume of 6,0 ml. This was necessary to allow octa- 
loate determination. Time, 30 minutes, , 


Adenosine triphosphate ' 

1 

Substrate 

Orj'gea uptake 

Octanoate 



oiiaortolts 


-f 


25.1 

-1.2 

-f 

4- 

52.0 

! 24.3 

— 


26.3 

' -1.2 

— 

-r 

j 12.7 

' -1.3 


and after oxidation with and without ATP in a larger scale experiment 
Table I). The distillatioa and titration of small amounts of octanoic aci^ 
are not very accurate (20 per cent negative error) and the data are not con 
sidered to be quantitatively significant. They do show utilization o 
great part of the octanoate in the presence of ATP, but none in its ^ 

The products of the reaction have not as yet been studied 2 ^oles 
preliminary experiments showed the formation of approximately * ^ 
of total ketones from each mole of octanoate in this experiment 
0. Properties of Systein — ^When the enzyme system is prep 
scribed, with the necessary additions and the precaution ^ ^ j jje 

the optimum homogenization time, the experiment has been mm 
quite reproducible in liver preparations from nearly 100 rats. 
no failures to obtain oxidation. The liver homogenate is s ^ . ^^6 

he activated by the addition of ATP with no great change m ac 
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hours after preparation. Most preparations tested showed some activity 
even after storage at 0® for IS hours and one preparation showed activity 3 
days after the homogenization. It was found that the omission of either 
potassium or magnesium from the Krebs buffer did not affect appreciably 
the extra uptake due to (My acid but did lower the total respiration. The 
same effect, but to a more pronounced degree, was found when both Mg++ 
and K+ were omitted. 

The optimum pH for the reaction described lies between 7.0 and 8.0, 
the actmty dropping off sharply outside this range. The question is 
complicated by the fact that below pH 7.0 the great surface activity of 
octanoic acid increases, inhibiting the reaction and also the residual res- 
piration greatly. 

Barbiturate, dime thylgly cine, and borate buffers inhibited the oxidation. 
Although phosphate mixtures have little buffering power at pH 8.0, the 
reaction medium as described was the most active. 

The use of more dilute liver homogenates resulted in decreased total 
respiration and a greater proportional decrease in endogenous activity. 
However, dilution beyond 25 mg. of tissue (wet weight) per 1.0 ml. of 
reaction medium greatly impaired the extra uptake due to fatty acid. 

Even short periods of dialysis completely inactivated the homogenate so 
that it could not be reactivated by addition of ATP. Addition of ATP, 
diphosphopyridine nucleotide, K"*", Mg"*^, cytochrome, and riboflavin 
restored a small part of the acthdty. Obviously other dialyzable compo- 
nents were necessary for complete restoration. 

When the effect of octanoate concentration on the rate of the oxidation 
was studied (ATP concentration, 0.00125 m), it was found that the rate 
increased steadily on raising the concentration of substrate from 0.0001 m 
to 0.0025 M, at which concentration the enzyme system seemed saturated. 
When the concentration of substrate was increased stepwise to 0.02 m, the 
rate feU off sharply and ATP activation was no longer noticeable at the 
latter concentration. This behavior is not typical of the ideal enzyme and 
it is probably a reflection of the surface activity of the higher fatty acids ^d 
soaps. This behavior was also shown in the optmum pH cun^e, since free 
octanoic acid is more surface-active than the sodium salt 

That the activation by ATP is peculiar to the fatty acid oxidation m the 
liver was shown by assay of different rat tissues with octanoate as substrate 
The kidney was the only other organ sho\vmg any activation by ATP, but 
this tissue possessed less than a tenth of the activity of the liver. Muscle, 
brain, and destine suspensions showed no actmty under the same condi- 


d. Dependence of Rate of Octanoate OxidaRon on ATP Concentration^ 
When the ATP coLntration was varied m the system descnbed in section 
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(4), fresh homogenate being used in the presence of 0.007 ii octanoate, the 
rate of oxidation varied with the concentration of ATP. The endogenous 
respiration Avas virtually unchanged in the presence of different amounts 
of ATP (see Fig. 2). 

It can be seen that a minimum concentration of 1 X 10^ m ATP is 
required to show detectable extra uptake in this experiment. Addition of 
ATP in concentrations higher than 0.0025 did not result in proportional 
increases in rate; there was a tendency for the nucleotide to precipitate some 
of the tissue constituents gradually, forming slimy, ropy deposits. 

It can be concluded that there is a real relationship between ATP con- 
centration and the rate of fatty acid oxidation in these preparations. The 



Fig. 2. The effect of the adenosine triphosphate (ATP) concentration on t e ra 
of octanoate oxidation. The heavy line indicates the rate of the endogeno^ respi 
tion (without substrate, but with ATP) and the lighter lines indi^te e ra 
oxidation in the presence of 0.007 m octanoate with variations iu ATP concen ra 
indicated. 


concentration of adenosine polyphosphates in intact liver tissue o e j 
as determined by analysis of the organ instantaneously frozen 
avoid hydrolysis on stimulation of cells), ranges between 0.001 an ’ ^ 
which is comparable to the optimum range of ATP in these m 

periments (see also (25, 26)). , fhe oxidation 

It is also apparent that low concentrations of ATP activa 
for only a short period; in the case of the higher concen ra lo ^ 
the rate eventually falls after longer periods but can be tes ore 

more ATP to the system. ^ ^ detennine whether 

7, Specificity of ATP in Activating the Oxidation To . foitsmeta- 

the activation by ATP is actually due to its intact structure, 
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bolic products, or whether tliis activation is a non-specific effect of phos- 
phoric esters in general, the basic experiment of section (4) was repeated, 
various compounds being substituted for the ATP. In these experiments 
the final concentration of octanoate was 0.007 In every case an en- 
dogenous control (without octanoate) containing the compound assayed in 
equal concentration was run. The basis for the assay was the total extra 
Oi uptake due to octanoate oxidation (above the endogenous uptake in the 

Table II 

Effect of Different Compounds in Acniannj Octanoate Oxidation 


The experimental details are given in section (7). 


Cosi pound 

ConceotratiOQ j 

AcUvalioa 
(ATP = 103) 

Adenosine triphosphate 

u 

0.0025 

100 

ti it 

0.00125 

70 

** diphosphate 

0 0025 

! 100-110 

Phosphopyruvic acid 

0 0025 

70 

3-Phosphog\y ceric acid... 

0.0025 

70 

Fructose-1 , G-diphosphate 

0 0025 

90 

it 

0.00125 

65 

Inosine triphosphate. . 

0.0025 

60 

diphosphate . . 

0.0025 

60 

Phoaphocreatine . 

0 025 

30 

Thiamine pyrophosphate. . . 

1 0 0025 

10 

Hiphosphopyridine nucleotide .. 

0.0025 

5 

Adenylic acid. . . ^ 

0.0025 

0 

Adenosine , . . 

i 0.0025 

0 

Adenine . 

! 0.0025 

0 

inosime acid 

0 0025 

0 

Hypoxanthine 

0 0025 

0 

QE- and |3-pho3phoglycerol 

! 0.0025 

0 

** ** “ -f choline. 

0.0025 

0 

** 4- “ +ATP 

0.0025 

100 

I ructose-C-phosphate . 

0.0025 

0 

Sodium acid phosphate 

0.0025 

0 

“ pyrophosphate . 

0.0025 

0 


presence of the phosphorylated compound) at 50 minutes. An arbitrary 
value of 100 was set on the activation by ATP in 0.0025 m concentration, 
which served as a control in all experiments. 

The curves of oxygen uptake were not always linear and the activation 
due to the individual compounds varied somewhat wth the age of the 
preparation, but the figures reported represent a fair average of the data 
obtained (see Table II). 
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Adenylic Acid — ^If the conclusions above are true, then a systein in which 
some carbohydrate metabolite is being actively oxidized should also ac- 
tivate fatty acid oxidation by phosphorylating adenylic acid to provide 
enough ATP for this fimction. Aerobic phosphorylation in such systems 
has been described by Colowick ei cd. (7), Ochoa (8), and others. 

In the experiments in Table IV the data show a high rate of O 2 uptake 
in the presence of pyruvate and fumarate. This rate was increased by 
addition of octanoate, even though no ATP had been added. The omission 
of the pyruvate or fumarate resulted in the usual inhibition by octanoate. 
These experiments completely bear out the conclusions from the previous 
sections. 

10. Ooddaiion of Normal Saturated Fatty Adds — In these expenments 
the oxygen uptake of the system as described in section (4), in the presence 

TABIiE III 

Effect of Adenylic Acid in Increasing Activation of Octanoate OxidaUon by Some 
Phosyhorylaied Compounds 


Activation by adenosine triphosphate (ATP) is given the value of iOO. See sec- 
tion (8) for the details. ^ 


Activator j 

AcUi 

Fresh preparation 

nation 

Aged preparation 

ATP... 


100 

Phosphopyruvic acid ... 

70 1 

25 

+ adenylic acid 

85 

70 

Phosphogly ceric ... 


40 

“ -f- adenylic acid 

1 SO 

1 70 

Phosphocreatine 


10 

“ A- adenylic acid 

45 1 

35 


of the normal saturated fatty acids mth and without ATP activation, was 
studied. The liver homogenates were aged 4 to 6 hours. Acids 
up to 8 carbon atoms were present in a concentration of 0.007 u; tne 
acids were 0.002 m. In these experiments the extra oxygen 
octanoate oxidation in the presence of ATP was used ns a stan 
assigned a value of 100. The extra uptake or inhibition of the ot er a 
was expressed in terms of this standard (see Table V). except 

The data show that all the acids require activation ^ ^ ^fchout 
possibly acetic and propionic acids, which are oxidized somew a _ 
the addition of ATP, and formic acid, which is not oxidized wi 
ATP. It is indicated that these lower acids are perhaps no 0 .^^^ ^ 

the same mechanism as the higher acids. ^ There is a and 

uptake with increase in length of the chain, but since tne p 
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mechaiusm of the oxidatioas are not known it is difficult to assess the 
relative necessity of ATP for the different acids. However, it is clear that 
the inhibition of the endogenous respiratiop without ATP becomes greater 
with increase in length of the chain to the stage of octanoic acid. In the 
sense of preventing such inhibition, however, ATP is more necessary as 
the chain length increases. 

There was no great difference in rate of o.xidation ob the odd carbon 
acids from that of next homologues, although it is known that they give 
rise to different products (1). 

The successful experiments with acids having more than 8 carbon atoms 
is of significance, since the oxidation of the biologically predominant 16- and 
18-carbon acids can now be approached experimentally. 

Table IV 

Activation of Octanoate Oxidation by Aerobic Phosphorylation 

The system contained 170 mg. of homogenized liver tissue, final concentrations of 
0.00125 M adenylic acid, 1 X 10“* M diphosphopyridine nucleotide, 0.01 u MgCb, 0.02 
M pyruvate (or 0.02 m fumarate) (or water), 4 X 10^ m cytochrome, 0.03 m phosphate, 
0.021 M NaCl, 0.01 m KCl, and 0.007 m octanoate (or water) in a total volume of 2.0 
ml. Adenosine triphosphate was not added. Time, 30 minutes. 


System 

Octanoate 

Os uptake 

Complete (pyruvate) . 


c mm. 

160 

tf it 


189 

” without pyruvate. 

— 

128 

« if 

+ 

100 

“ (fumarate) . 

— 

146 

f ( 

+ 

1S6 

“ without fumarate. 

— 

120 

** ft It 

+ 

114 


The inhibition of endogenous respiration by fatty acids in the absence 
of ATP is significant, because it tends to follow the known facts concerning 
the capillary activity and adsorption of the fatty acids and soaps (24). 
The free acids and soaps both depress surface tension, the free acids being 
niore active in this regard up to 8 carbon atoms. With increase in chjm 
length beyond 8 carbon atoms, the surface activity of the free acids dimin- 
ishes because of reduced solubility, while that of the soaps increases some- 
what. Since at pH 7.4 the higher acids exist as a mixture of acid and soap, 
the data become difficult to interpret but in general the inhibition can be 
explained on the basis of surface activity. 

The importance of the proper colloidal condition of the substrate mixture 
of free acid and soap in the case of 16- and 18-carbon compounds for avail- 
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ability to the enzyme is sho^YIi by the three oxadation values assigned to 
stearic acid (Table V). The first, 35, was obtained with a solution of 
stearate neutralized in the cold; the other two figures were obtained when 
the solution was neutralized at 60® and allowed to cool. This consideration 
of the colloidal state of the lipid must be kept in mind, when such sub- 
strates are used, and again calls attention to the technical difficulty of 
providing the piwper colloidal conditions for the enzymes involved, 

11, Organic and Inorganic Phosphate Exchanges^-Ohyiaixsly, the analysis 
of the different phosphate fractions in the system described under different 

Table V 

Oxidation of Normal Saturated Fatty Acids with and without Activation by Adenosine 

Triphoaphate (/iTjP) 

See section (10) for the details. The extra uptake in the presence of octanoic acid 
was the standard assay value and assigned a value of 100, Plus values indicate 
extra uptake, negative values extent of inhibition of endogenous respiration, 0 indi- 
cates no oxidation or inhibition. Time, 50 minutes. 


Acid 

Oxidation wiUtout ATP 

Oxidation witli -AT? 

HCOOH i 

0 

0 

CHiCOOH 

+30 

+30 

CjHiCOOH 

-MO i 

+30 

C,H,COOH 

-5 

+50 

C.H.COOH 

«30 

+65 

CiHuCOOH 

1 -55 

+S0 

CtHnCOOH 

■ -55 

+S0 

CtHuCOOH 

-60 

+100 

CiHnCOOH . 

-65 

+100 

C,Hx,COOH 

-60 

+ 100 

CtiHsiCOOH 

-50 

+ 100 

C,,H,:COOH 

-50 

+90 

CjASuCOOE 

-40 

+110 

CisHtsCOOH 

-40 

+90 

CnH^,COOH 

-35 

+35, +90, +100 


conditions would be a desirable experimental approach in eonfinniGg tbs' 
ATP activation and in determining its mechanism. Actually the resu 
obtained have not been particularly illuminating. The reasons for t 
can be predicted from data of previous sections. The endogenous resp^a 
tion was found to be capable of performing aerobic phosphop^la ion 
(differences between aerobic and anaerobic experiments). The 
tracts contained very active phosphatases (0.001 ii ATP was ^ 
dephosphorylated in 9 minutes with cyanide inhibition of respim i 
Difficulties of this sort were encountered by Ochoa (8) in 
efficiency of aerobic phosphorylation. Also, in order to detect veiy ^ 
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differences in the organic phospliate fractions unsuccessful attempts were 
made to substitute other buffers for the high concentrations of phosphate 
buffer used. The only useful buffer was borate which, however, inhibited 
extra oxygen uptake 40 per cent. The complex-forming power of borate 
is well known. In general, the interplay of these factors did not permit 
the discovery of any significant differences in organic phosphate fractions 
or in hydrolysis curves (In HCl at 100°). The changes noted by Munoz 
and Leloir in their partially purified system could be confirmed in their 
system but were obscured in the rat liver homogenate. Obviously, some 
of the interfering factors have been removed in their system. 

Some data worthy of note were obtained, however. It was found that 
analyses of labile P (7 minutes hydrolysis) in the experiments of sections 
(4) to (9) (at 10 minutes) in all cases showed concentrations (calculated as 
ATP) of at least 1 X 10“^ si in all experiments in which octanoate was being 
oxidized. Greatest concentrations (0.001 m and higher) were noted when 
ATP or phosphopyruvic acid + adenylic acid activated the systems, 
least in the aerobic phosphorylation experiments. Conversely, it was found 
that conditions which did not allow octanoate oxidation showed analyses 
of less than 1 X 10"^ m or no labile P. These data confirmed the finding 
that an initial concentration of at least 1 X 10"’^ m ATP was necessary to 
detect extra oxygen uptake in the presence of octanoate. 

If a phosphorylated fatty acid is the result of ATP activation, such a 
product will undoubtedly be quite labile and until something can be 
learned of the properties of this intermediate by other means detection in 
reaction media will probably prove to be difficult. 

It is hoped that consideration of the working hypothesis elaborated in 
the following discussion will prove helpful in studying the mechanism of 
the activation by allowing certain crucial experiments to be performed, 
perhaps on partially purified systems. It is felt that the crude homogenates 
used in this study may have outlived their usefulness in an examination of 
the activation mechanism, because of the complexity of interfering re- 
actions. 

DISCUSSION 

It is apparent from the experiments reported here that the least comnion 
denominator of all agencies leading to activation of fatty acid oxidation 
is ATP (or ADP). Since these compounds are most active of all those 
tested, and since the adenylic acid system is the point of mediation of most 
transphosphorylations, it is not unlikely that we are dealing with a phos- 
phorylation of the fatty acid as an obligatory step in its oxidation. 

The normal saturated fatty acid offers but one point of reactivity ^r 
such a process; namely, the carboxyl group. The suggestion offere y 
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Lipmann and Perlmann (30) that crotonic acid may be pfaosphorylated, 
then dehydrogenated, and dephosphorylated to yield enol-acetoacetate 
(which they proposed to account for the production of acetoacetate from 
crotonate mthout ^-hydroxybutyrat^ as intermediate) is untenable in 
this situation. Such a mechanism for explaining activation by ATP 
presupposes a preliminary dehydrogenation to an Unsaturated acid before 
the action of the phosphorylating agent. In these experiments no such 
dehydrogenation (as evidenced by extra oxygen uptake in the presence of 
fatty acid without ATP) was found. The activation by ATP is primary to 
the whole oxidation mechanism. This leaves the acyl phosphate of the 
fatty acid as the most likely product of a transphosphorylation. 

There are two known cases of the formation of acyl phosphates as 
intermediates. Acetyl phosphate has been demonstrated to be an inter- 
mediate in pyruvate oxidation by Bacterium delbriickii by Lipmann (31). 
The other case is that of the R-diphosphoglyceric acid, formed in the course 
of triose phosphate oxidation, which hasbeensho^vnbyNegelein andBromel 
(32) to be 1 ,3-diphosphoglyceric acid. These compounds are capable of 
phosphorylating either adenylic acid or ADP respectively. The reversibil- 
ity of these reactions has been demonstrated only in the latter case (33, 6) 
but this positive demonstration furnishes at least som^ thermodynamic basis 
for the possibility of acyl phosphorylation suggested by the experiments of 
this paper. The formation of an acyl pyrophosphate is another possibihty. 
Unpublished workby Cori, Ochoa, and Cori indicates a synthesis of inorganic 
pyrophosphate in liver extracts coupled with pyiiivate oxidation (8) 
Ochoa suggests this may arise from the decompositioii of an acyl p3TOphos- 
phate, which can be predicted to be unstable at the carbonphosphorus 
linkage. 

The formation of an acyl phosphate as a first step in oxidation seems 
entirely parallel to the hexokinase reaction (phosphorylation of glucose 
by ATP). As a matter of fact the parallel has been drawn further by t o 
suggestion of Lipmann (34) that fatty acid phosphates may well be t e 
intermediates for the synthesis of the glyceride bond. By extension, 
these suggestions imply a parallel between the first stages of fat and car 
bohydrate metabolism, the former being analogous to the phosphory ^ 
hexokinase reactions for making glycogen or glucose available or 
proper enzymatic channels as hexose phosphate. 

There is further presumptive evidence for the formation of an acy^ 
phate in these experiments. The inhibition of endogenous respira 
by fatty acids wthout ATP and the inhibition of 
excess fatty acid even in the presence of ATP take 
because ATP is apparently able to neutralize the non-specific surface 
of the fatty acids and prevent such inhibition. Such a change 
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activity of the fatty acid may ^Yell result from the formation of an acyl 
phosphate. It can be predicted, from certain data in the literature, that 
such a compound would be more highly dissociated, more soluble, more 
nearly hydrophilic, and show less surface activity than the fatty acid or 
soap itself. The data on the inhibition of respiration by the different 
fatty acids without ATP show that such inhibition is parallel to the known 
surface activity of these compounds and that in this sense ATP is more 
necessary for activation as the chain length increases. It is not to be 
concluded that ATP is necessarily required to prevent such surface activity 
of free fatty acids in the cell itself, but that this phenomenon is a peculiar 
feature of in vitro experimentation which may yield information concerning 
the mechanism. 

A final point of evidence is the fact observed by Munoz and Leloir (3) 
that the phosphate changes they observed took place in the presence of 
the higher fatty acids even though there was no oxidation of these acids. 
This observation also serves to divorce the primary phosphorus exchanges 
from the oxidation of the fatty acid, a corollary of the hypothesis stated 
here. 

It might also appear that the obligatory formation of phospholipid is 
necessary before oxidation takes place. This seems unlikely, especially 
in the case of the shorter chain acids, but if it is true it is still conceivable 
that the acyl phosphate is the first step in such a synthesis, according to 
Lipmann’s suggestion (34). 

The high energy phosphate bond represented by the acyl phosphate is 
in no sense to be considered a net loss from the ATP reservoir, since it may 
well be returned to the latter at some later stage in the catabolism of the 
fatty acid, along mth whatever high energy phosphate bonds are generated 
by the oxidations themselves. 

In view of the evidence and arguments presented here and also considering 
the fact that such an interpretation does not conflict Avith the present 
state of knowledge concerning metabolic patterns involving phosphorus, 
it is believed that the most reasonable working hypothesis for the activation 
of fatty acid oxidation by ATP is the obligatory formation of the acyl 
phosphate bond. 

Work in this laboratory is continuing along the lines of this hypothesis. 
Pure crystalline fatty acid phosphates having from 8 to 16 carbon aton^ 
have been synthesized in this laboratory and these compounds and their 
r61e as intermediates form the subject of foUoAving communications. 

The author Avishes to acknowledge the encouragement of his colleagues, 
Professors H. C. Bradley, E. J. Witzemann, and P. P. Cohen, in the course 
of this investigation. 
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ADENOSINE POLYPHOSPHATES 


SUMMARY 

1. The oxidation of fatty acids by bi*oken cell preparations of rat liver 
requires the presence of adenosine polyphosphates. This fact explains the 
failure or only partial success of previous investigators to realize this 
process in vitro, 

2. The rate of oxidation of the fatty acid in the system described depends 
directly on the concentration of adenosine triphosphate. The optimum 
concentration of adenosine triphosphate required is approximately that 
existing in the liver cell in vivo, 

3. The activation of the oxidation can also be shown if the adenosine 
polyphosphates are generated in situ by phosphorylation of adenylic acid 
by suitable phosphate donors, or by aerobic phosphorylation during the 
course of pyruvate or fumarate oxidation. 

4. All the normal saturated fatty acids having from 4 to 18 carbon atoms 
are oxidized in this system, as evidenced by the increase in oxygen uptake, 
but only in the presence of adenosine polyphosphates. 

5. These observations, together with certain other data reported, have 
been correlated into a working hypothesis concerning the mechanism of 
1 ' activation, a central feature of which is the possible formation of fatty 
pcid acyl phosphates as intermediates. 
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THE USE OF NEUROSPORA FOR THE DETERMINATION OF 
CHOLINE AND BIOTIN IN MILK PRODUCTS 


Bt a. z. hodson* 

{From the Research Laboratories^ Pet Milk Company^ Greenville^ Illinois) 


(Received for publication, September 1, 1944) 


A simplification of the Neurospora method (1) for choline has been found 
very useful in our laboratory when applied to dairy products. Erlenmeyer 
flasks of 50 ml. capacity are used for the mold growth. In these are 
placed 5 ml. of double strength media, the desired amount of the chohne- 
containing extract or solution, and sufficient distilled water to make a 
total of 10 ml. A growth period of 5 days is used. The permutit step 
has been eliminated, since it was quite time-consuming. This introduced 
the question of whether methionine (1), hydrolyzed casein, or lactose 
would stimulate or inhibit the growth of the cholineless Neurospora crassa, 
since these substances would be eliminated by the permutit step. A brief 
study of this question has been made. 

In the study the ratio of choline to the suspected interfering substance 
has been kept constant, since this is the manner in which they would occur 
in a given sample of the unknown. The ratios used were choline to methi- 
onine 1 1 4, chohne to methionine 1 1 50, choline to lactose to hydrolyzed 
casein 1:200:200, choline to hydrolyzed casein 1:200, and choline to 
lactose 1:200. With the exception of the higher choline to methionine 
ratio these are approximations of those in which choline and the suspected 
interfering material occur in milk. Growth on a double strength media 
was also investigated. 

The results of the study are presented in Table I. Each value represents 
the average of two duplicate determinations in one trial. Data for one 
or more and usually for two or three trials are given. At the 1.50 ratio 
methionine interfered even at low assay levels. None of the other treat- 
ments produced an interference over the steep portion of the assay curve, 
i.e., below a choline value of 5.0 y. At the break in the assay curve or a 
the plateau results are inconsistent and unreliable in the presence o 
methionine, of hydrolyzed casein and lactose, or of hydrolyzed casein a one. 
It is therefore imperative that assay values be derived from t e s eep 


• The author ^vishes to thank the officials of the Pet INIilk Company 
this report for publication and especially Dr. E. A. Louder, Tec nica * 

hia part in releasing the report as well as his supervision t e researc 
He also wishes to acknowledge the kindness of Dr. N. H. HoroTvi z an ‘ . 

Beadle in supplying a culture of the organism used and the lab ora ory 
Roberta Biggins. 
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CHOLINE AND BIOTIN IN MILK PRODUCTS 


portion of the standard curve when the simplified method is used. Lactose 
by itself is relatively inert for the organism, as is sho\vn in Table I. When 
it is used to replace sucrose in the medium, only a slight growth occurs in 
the presence of adequate biotin and choline. 

Table I 


Per Cent Choline Recovered in Presence of Susyected Inlerfering ^[al^riaU 


Choline 
Itvci 
per Cask 

1 

1 Ratio of choline 
Vo methionine, 
1:4 

1 

Ratio of choline ' 
to methionine, 
1:50 

Ratio of choUne 
to lactose to 
hydrolyacd 
casein, 
1:200:200 

Ratio of 
choline to 
hydrolyzed 
casein, 1:200 i 

Ratio of 
choline to 
lactose, 
f;200 , 

Choline in double 
strength media 

Y 

1.0 

95, 88 

125, 110 

80,80 

95, 105 


80 

2.5 

88, 100, 94 

116,204, 198 

96, 100, 92 

80, 92, 86 


80, 120, 100 

3.5 i 

86,96 

175, 236 

86,80 

92, 111 


119, 106 

5.0 

112, 101, 100 j 

130, 167, 

94, 81,81 

84, 85, 106 


106, 112, m 

6.0 

in, 120 

272, « 

62 

85, 99 

[ 

' 170, 125 

7.5 

100, 98, 103 

111, 346, w 

90, SO, 72 

SO, 81, 104 

96 

125, 367, « 

10.0 

80, 107, 126 

no, 400, « 

68, 95, 61 

70. 94, 98 

98 

135,400, « 

15.0 1 

1 

58, 125, 250 

180, «, w 

59, W, 141 

55,213, « 

82 

190, », * 


* Data beyond range of standard assay curve. 



If the concentrations of the ingredients of the media are ou e , 
response to choline often results. The reason for this is no c ear. 
ever, it is not believed to be a source of error in the assay. ec 
sensitivity of the organism to choline and biotin the ^ gjoall 

soluble solids from milk added to the test media m the assay 


in comparison to those already present. 
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The data in Table I indicate that satisfactory results within ±20 per 
cent are obtained with the simplified method. Recoveries of choline added 
to eight samples of milk varied from 85 to 102 and averaged 96 per cent. 
While the range of recoveries is not quite as good as those found by Horowitz 
and Beadle (1) or by Luecke and Pearson (2) vnth Neurospora methods 
for choline, the average result is quite comparable. When ten samples 
of fresh milk were assayed by the simplified method, the average result, 
149 mg. per liter, was in excellent agreement with the aveiage data, 147 
mg. per kilo, secured by Engle (3) with a chemical method. 

Biolin—i:hc cholincless Neurospora crassa has also been used for biotin 
assays on milk and other dairy products. The wild type of Neurospora 
might be more suitable for this purpose, since biotin would be its only 
vitamin requirement, but the use of the wild type wou require e 

maintenance of a separate culture. ... , i- • 

When cholineless is used for biotin assays, the biotin m the media is re- 
placed by 20 mg. of choline per liter of the double strength ^^^dia. e 
sample preparation is the same as used for the choline assay (1) with the 
omission of the permutit step. This permits one to use t e same ex 
for both assays. The response of the organism to graded ^ 

biotin is good and the assay curve is steep over a range o bio m 

increments than is a similar curve for choline (Fig. ). ssay . 
milk, obtained from various levels of the curve, agree very "’f , 
on ten samples of fresh milk indicate that most o e va ue 
range of 30 lo 40 mniimicrograms pet ml., rvh.ch ate similar to the rMulU 
found by Larapen, Bahler, and Peterson (4) '“a. 

The wild type of Neurospora crassa and presumably P 

to destUoWotin as tvell as biotin (5) bnt this eompound “ ^onn to 
be present in mUk. The response of Neuro.p.ra “ J“mP^ 
lated to biotin has not os yet been investigated as it has 
casei and Saccharomyces cerevisiae (6). 

SUMIMARY 

1. The permutit step in the jVeitrospora assay for 
may be omitted if the assay data are taken only from the 

of the assay curve. ^ for biotin 

2. The same organism and the same extracts m y 

assays. 
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INVESTIGATIONS OF AMINO ACIDS, PEPTIDES, AND 
PROTEINS 

XX. THE DETERMINATION OF APPARENT FREE TRYPTOPHANE IN 
BLOOD BY A MICROBIOLOGICAL METHOD* 


By max S. DUNN, HERMANN F. SCHOTT, WILLI FRANKL, and 
LOUIS B. ROCKLAND 

(From the Chemical Lahoraioryf University of Californiaf Los Angeles) 


(Received for publication, October 2, 1944) 


Tryptophane is indispensable for the groNvth and the maintenance of 
optimal metabolic functions of animals; yet it has not been possible to- 
determine completely the physiological role of this amino acid. That 
present knowledge is incomplete may be explained in part by lack of an 
analytical tool with which the tryptophane content of body organs and 
fluids may be measured conveniently and accurately. Previous studies 
have been limited largely to the determination of tryptophane by color- 
imetric methods. 

A microbiological procedure which is considered to be satisfactory for 
the determination of apparent free tryptophane in blood is described m 
the present paper. Analogous procedures for the determination of trypto- 
phane in mixtures of pure amino acids have been described by Shankman, 
Dunn, and Rubin (2), and a method for the determination of tr^^topliane 
in protein hydrolysates has been reported by Greene and Black (3)» ® 

present authors* standard curves for Z(— )-tryptophane were sim 
all respects to those obtained previously by Shankman (4) ^ 

containing either a mixture of pure amino acids or an aci y ^ 
sate of casein supplemented with cystine.^ A nearly identica s 
curve was obtained by Greene and Black (3). The observation o 
investigators that d(+) -tryptophane is not utilized 
arabinosus has been confirmed by the present authors ^ * 

Enzyme and alkali hydrolysates of casein were assaye y re^e ^ 
Black who found 1.15 per cent of tryptophane in casein con ainmg . 
per cent nitrogen. This value is about 25 per cent below t e gure, 


* For Paper XIX in this series see Dunn et al. (1). work was 
from the Gelatin Products Company, Merck and The authors 

Foundation, Inc. , Schering and Glatz , and the University o i o * assays. 

are indebted to M. N. Camien and S. Shankman for assis ancew Camien, 

Blood samples were furnished by M. Barsh,D. Bernstein, • * ^ ^ [j S Shank- 

D. Guilford, F. Harryman, B. Merrifield, E. A. Murphy, L. B. RocLlana, 
man, and H. F. Schott. 

^ Private communication from Dr. S. Shankman. 
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per cent (o), which has been commonly, although probably incorrectly, 
regarded as correct. 

EXPERIMENTAL- 

Blood samples (about 50 ml.) were collected at 10.00 a.m. from an arm 
vein of eleven normal males who had fasted about 15 hours. When 
plasma was desired the receiving flask was coated ndth about 60 mg. of 
potassium oxalate anticoagulant. Blood serum and plasma were prepared 
by centrifuging coagulated or oxalated blood within an hour after the 
sample was drawn. The plasma or serum was deproteinized by adding 
with constant agitation 16 ml. of water, 2 ml. of 0.6 n sulfuric acid, and 
2 ml. of 10 per cent sodium tungstate solution to 4 ml. of the liquid. The 
filtrate was brought to pH 7.0 by the addition of 1 n sodium hydroxide, 
with a Beckman pH meter to determine the end-point. 

Amino nitrogen was determined by the method of Hamilton and Van 
SIj'ke (7) and tryptophane was determined by the authors’ microbiological 
procedure with the assay technique described in previous publications. 
The composition of the basal medium is given in Table I. A series of 
wenty-five duplicate and triplicate standard curves was prepared, all of 
j’hich resembled closely the standard curves obtained by Shankman (4) 
?nd Greene and Black (3). The experimental data and values calculated 
rom the assays are given in Tables II to V. 

DISCUSSION ^ 

The presence of free tryptophane in deproteinized blood was first re- 
ported in 1913 by Abderhalden (10) who detected traces of this amino 
acid in the tryptophane-mercuric sulfate precipitate by means of the 
glyoxylic acid and bromine colorimetric tests. The concentration of 
apparent free tryptophane in cow blood and plasma, deproteinized b> 
coagulation with acetic acid, was determined in a series of careful expen- 
ments by Cary and Meigs (11, 12), reported in 1924 and 1928. 
phane was determined by colorimetric anal^^^sis of the product form 
by the reaction of the tryptophane-mercuric sulfate complex Mth tie 
p-dimethylaminobenzaldehyde or the Hopkins-Cole glyoxylic acid-su unc 

^ In preliminary experiments on the determination of tryptophane 
were made to employ dialysates of plasma prepared with the apparatus descri e ^ 
Hamilton and .\rchibald (6) . Because the values for tryptophane in t le 
plasma and the rate of dialysis of pure I(— )-tryptophane were very 1^''» t e ^ 
technique was temporarily abandoned. Tungstic acid was selected as le 
precipitant because of the observation by Hamilton and Van Slyke (u ^puj-tber- 
a quantitative yield of a-amiuo nitrogen according to ninhydrin analysis. 
more, tungstic acid yields a nearly neutral filtrate since almost al o i 
adsorbed by the protein precipitate (S). 
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acid reagent. In their firbl experiincnUs it ^vlus foinid that tiic apparent 
free tryptophane of cow blood varied from about O.G mg* per cent 
to 1.5 mg. per cent under difTcrent dietary conditio 2 i% even U)ough 
there was little or no change in the level of U)tal amino nitrogen os deter- 
mined by the Van Slyke nitrous acid procedure, *rhe apparent free 
tryptophane content of cow plasma obtained by their most reliable 

Taulk I 


Coffiposttwn of /IcMol ^Ucdium* 

CoaiUtucflt 

Araounl i)cr fCXl mt 

l(— )-Cyatinc,t "tJ* 

12 

Casein hydrolysate, t ml. . 

o.co 

Glucose, § gm. 

2.0 

Sodium acetate, 5 gm. 

1.2 

Adenine sulfatc,|| mg. 

1.2 

Guanine hydrochlondc,ll mg. 

1.2 

Uracil, 11 mg. 

1.2 

KHiP04,§ mg. 

Si 

K,HPO,,§ mg. 

&1 

MgS 04*7 H,0,§ mg. 

21.0 

FeS04*7 H,0,§ mg. \ 

1.08 

MnS 04«4 HjO,§ mg. 

1.08 

Thiamine, H y 

to 

Pyridoxine,^ y 

64 

dl-Calcium pantothenate, 11 y 

80 

Riboflavin,^ y 

80 

Nicotinic acid,1I y 

80 

Biotin, •• y . 

0.2 

p-Aminobenzoic acid,1I y 

4 


* The composition of the basal mcdiuin was similar to but not identical with that 
of Snell and Wright (9). Stock solutions of the vitamins in 60 per cent ethanol 
and other constituents in water or 1 n HCI were employed 
t Anuno Acid Manufactures* product. 

X Prepared according to the method of Snell and Wright (9), 

§ c.p. grade. 

11 Eastman Kodak Company*8 product. 

^ Gelatin Products Company*s product. 

•* Merck and Company's crystalline product. 

procedure varied from about 0.7 mg. per cent to about 1.3 rag. per cent, 
with an average value of 1.12 mg. per cent. 

Confidence in the reliability of these data was strengthened by the 
investigations of Cary (12), who determined by spectrophotometric and 
other means the optimal conditions for the deproteii^ization of plasma, 
the precipitation of the tryptophane-mercuric sulfate complex, and the 
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colorimetric analysis for tryptophane, and who reported recoveries of 
tryptophane ranging from 98.6 to 101.4 per cent from known solutions 
containing 0.7 mg. per cent of pure tryptophane. On the other hand 
it was estimated that ^‘the actual tr 3 rptophane originally present m blood 
is ... 15 to 25 per cent less than the colorimetric results would indicate,” 
since plasma filtrates were shown to contain a ''foreign^' yellow pigment 
which would be determined as tryptophane in the colorimetric analysis. 

Table II 


Results of Assay of Tryptophane in Tungstic Acid Filtrate of Blood Plasma 


Diluted tungstic 
acid filtrate of plasma 
per tube* 

Titration volume of 0.0213 
N NaOH per tube 

1 

Tryptophane t found 

Ter tube 

Per mi. sample 

ml. 1 

ml. 1 

7 

7 

0.20 

2.89 1 

0.39 

1.95 

0.20 

2.85 

0.38 

1.90 

0.40 

4.57 1 

0.73 

1,82 

0.40 

4.78 

0.77 

1.92 

0.60 

5.60 

1.05 

1.75 

0.60 

5.65 

1.08 

1.80 

0.80 

6.44 

1.50 

1.87 

0.80 

6.52 

1.55 

1.93 

1.00 

7.08 

1.88 

1.88 

1.00 

7.14 

1.92 

1.92 


* The solution for each assay was prepared by adding 1.00 ml, of the basal mediun 
0.20 to 1.00 ml. of the tungstic acid filtrate of plasma, and sufficient distilled 
make the final volume of the solution 2.00 ml. The resulting acid was titrated . 
using standard approximately 0.020 N sodium hydroxide and bromo thymol ^ 
indicator or the Beckman pH meter. 

t An average of 1.87 y of tryptophane was found per ml. of the diluted 
acid filtrate of plasma. The mean deviation of the values at the different leve s » 
2.7 per cent and the tryptophane content of the undiluted plasma was 
eent. The tryptophane content of plasma obtained from ten males 23 to 3 yc ^ 
of age ranged from 0.85 to 1.30 (average 1.14) mg. per cent. The mean devia 
the values at the different levels ranged from 1.8 to 7.0 (average 3.6) per cep . 
ations in tryptophane ranging from 0 to 6 (average 3) per cent were obtame 
different tungstic acid filtrates of the same plasma and, in one case, with asamp 
plasma wluch had stood for 1 week in the refrigerator. 


It is of particular interest that the apparent free tryptophane ^ ^ 

(1.14 mg. per cent) and of serum (1.21 mg. per cent) observe in 
laboratory was less than 1 per cent of the total tryptophane (181 
cent) of serum (13), and that the ratio of the values for free ^ 
was about the same as that for a-amino nitrogen in plasma (4. 
cent) and serum (4.77 mg. per cent). Comparable values for | ® 
nitrogen of plasma and serum were reported by MacFadyen ( ; 
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Hamjlton and Van Slyke (7), who concluded that amino acids are set free 
by unknowTX reactions which occur when blood coagulates. 

The apparent free tryptophane of cells (0.24 mg. per cent) was only 
about one-fifth that of plasma or serum, while the total a-amino nitrogen 
of deproteinized solutions prepared from laked cells (7.70 mg. per cent) 
was more than 1.5 times that of plasma or serum. It appears to be true, 
nevertheless, that the ratio of apparent free tryptophane in cells to the 
a-amino nitrogen in cells resulting from free amin o acids is about the same 


Table III 

Recovery of ) -Tryptophane froin Tungstic Acid Filtrate of Blood Plasma 


Recovery solution* 

Titration volume of 0.0213 
u NaOH per tube 

Tryptophane t found 

Per tube 

Per ml. sample 

vd. 

mi. 

T 

y 

0.20 

1.30 

0.27 

1.35 

0.20 

1.31 

0.27 

1.35 

0.40 

2.41 

0.56 

1.40 

0.40 

2.39 

0.55 

1.37 

0.60 

3.31 

0.81 

1.35 

0.60 

3.38 

0.84 

1.40 

0.60 

3.40 

0.84 

1.40 

0.80 

3.90 

1.05 

1 1.31 

0.80 

4.00 

1.09 

1.38 

1.00 

4.43 

1.35 

1.35 


• The diluted recovery solution was prepared by mixing 1.00 ml. of diluted tung- 
stic acid nitrate from plasma and 1.00 ml. of a standard solution containing 1 y 
of pure !(—) -tryptophane per ml. 

t An average of 1.36 y of tryptophane was found per ml. of diluted recovery 
mixture. The mean deviation of the values at the different levels was 1.6 per cent 
and the tryptophane recovery was 11*1 per cent. Recoveries of tryptophane in 
comparable experiments were 101 and 109 per cent, with 3.5 and 5.1 per cent devia- 
tions from the mean at the different levels. The recovery and deviation from the 
mean were 87 and 3.9 per cent, respectively, with a mixture prepared by adding 
^Oy of 1( — ) -tryptophane to 4 ml. of plasma, deproteinizing as described, and diluting 
the tungstic acid ^trate to twice its volume. 

"is the ratio of tryptophane to a-amino nitrogen in plasma or senim. This 
conclusion is based on the experiments of Damelson (15) who found that 
unlaked corpuscles of normal young men contain 1.04 (0.34 to 2.19) mg. 
per cent of amino nitrogen and that the higher amino nitrogen content of 
laked corpuscles is accounted for in large part by the liberation of non- 
diffusible glutathione. This apparent consistency in the ratio of free 
tryptophane to amino acid-amino nitrogen in plasma, serum, and cells 
supports the view of Danielson that “the amino acids present in the blood 
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are pronoimced, since it seems almost certain that the stimulation or 
inhibition of growth and of acid-producing capacity of the microorganism 
would be readily noted if there were an appreciable concentration of any 
synergistic or antagonistic substance. 

SUMaiARY 

1. A microbiological procedure for the assay of apparent free tryptophane 
in the tungstic acid filtrates of blood fractions, which is believed to be 
satisfactorily precise, has been described. 

2. It has been found that the apparent free tryptophane content of serum 
is about 10 per cent higher than that of plasma, that the apparent free 
tryptophane content of plasma or serum is less than 1 per cent of the total 
tryptophane of serum, and that the free tryptophane of cells is about 
one-fifth that of plasma or serum. 

3. It has been sho^vn that the a-amino nitrogen of serum is about 14 per 
cent higher than that of plasma and that the a-amino nitrogen of laked 
cells is more than 50 per cent higher than that of plasma or serum. 

4. It has been concluded tentatively that the tryptophane values for 
plasma and serum are correct in order of magnitude and may be accurate 
to within about 10 per cent. 

5. The present experiments have given no indication that free trypto- 
phane functions disproportionately to its concentration in the formation 
jOf blood proteins. 
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THE MICROBIOLOGICAL DETERMINATION OF AMINO ACIDS 

II. GLUTiUIIC ACID* 

Bt CiVRL M. LYILVN, K. A. KUIKEN, LOIS BLOTTER, and FRED HALE 

(Froni Uus Tuai Agricullural Experiment Station, Agricultural and Mechanical College 
of Texas, College Station) 

(Received for publication, October 16, 1914) 

After the development of methods for the determination of valine, 
leucine, and isoleucine (1) with Lactobacillus arabinosus 17-5 as the test 
organism, it was assumed that other amino acids essential for the growth 
of this organism could be determined by about the same procedure. How- 
ever, it was soon discovered that glutamic acid is unique in its relationship 
to the growth of Lactobacillus arabinosus. Once this relationship was 
imderstood, the microbiological determination of glutamic acid became 
one of the most satisfactory assay methods which the authors have at- 
tempted so far. 

Glutamic acid has been reported to be an essential nutrient for Lacto- 
bacillus arabinosus 17-5 by a number of investigators (1~6). According 
to Pollack and Lindner (3) glutamine and glutamic acid have equal growth- 
promoting activity for this organism. Shankman et al. (6) have used 
Lactobacillus arabinosus to determine glutamic acid. In our hands un- 
satisfactory results were obtained by an analogous procedure. The 
consistently satisfactory standard curves which had been obtained with 
valine, leucine, and isoleucine were not obtained with glutamic acid. The 
frequent failure of the organism to respond at all at the lower test levels 
of glutamic acid was particularly troublesome. The data suggested that 
glutamic acid is converted to some other metabolite before being utilized, 
Mid that this conversion is readily performed by the organism when the 
concentration of glutamic acid is relatively high or when vigorous growth 
fias once been initiated. Evidence is presented which indicates that 
glutamine may be the active metabolite. The analytical method reported 
here employs a medium supplemented with glutamine. 

EXPERIMENTAL 

Materials and Methods 

The assay medium is prepared by omitting glutamic acid from the com- 
plete medium previously described (1) and adding the equivalent of 0.25 
of glutamine per tube. Titration of the lactic acid formed after a 

* Presented before the Division of Biological Chemistry at the 108th meeting 
of the American Chemical Society at New York. 
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Pyxrolidonecarboxylic acid, asparagine, and ammoniuni salts were tested 
to determine whether any of these compounds could replace glutamine 
in the medium. The first two were entirely inactive. In the absence of 
glutamine, ammonium salts did increase the titration values. The extent 
of increase was dependent on the amoimt of glutamic acid in the tests 
and amounted to well over 50 per cent in some cases. The curves were 
not as satisfactory in these tests as those obtained by the use of glutamine. 
When glutamine was included in the medium, the further addition of as 
much as 5 mg. of ammonium chloride per tube did not cause a measurable 
change in the titration values. These findings can be readily ez^plained 



A Ojos OJO CU5 020 

MG, GUiTAMlNE PER TUBE 


Fig. 2. The effect of glutamine on the growiih of LactohaciUus arahinosus on a 
glutamic acid-free medium. In these tests the glutamine was not heated but s er 
ilized by filtering through a Pyrex fritted glass fiilter of porosity UF. The titra loa 
values shown are for 5 ml. aliquots from 10 ml, cultures. 

on the basis that ammonium salts facilitate the formation of glutamine 
from glutamic acid by the organism. , . 

Fig. 2 shows the regular response of Lactobacillus arabinosus to 
amounts of glutamine on the glutamic acid-free medium. Th‘ 
is in marked contrast to the response obtained "with glutamr 
and suggests that glutamine is the active metabolite. 

Specificity Tests 

The authors’ preliminary tests indicated that df-glutamic 
half as active as f(+)-glutaniic acid. However, Hac* foun< 

1 Hac, L., private communication. 
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natural form docs have some activity, Wlien rechecked, this proved to 
be the case (Table I). The ratio of the activity of dU to Z(+)-glutairdc 
acid depends on the test level. For this reason it is not advisable to use 
dZ“glutamic acid as a standard for determinations on natural materials. 

It was found that a-ketoglutaric acid can replace glutamic acid for the 
gro\vth of Lactobacillus arabviosus, if it is present in relatively high concen- 
trations. At low concentrations this substance was completely inactive. 


T.ujle I 

ComparUon of Activity of dU and I {-r) •Glutamic .-ictfi for Groioth of 
Lactobacillus ardbinosus 


^LGIaUnlc xcid Uattd 

Mixy value, 

uicd u standard 

Activity ratio dl:l(-r) 

i«r. 



0.02 

0.0102 

0.51 

O.Ol 

0.021 

0.53 

0.12 

0.066 

0.55 

0.16 

0.096 

0.60 

0.20 

0.130 

0.65 

0.2i 

O.ISO 

0.75 


Table II 


Glutamic Acid Activity of a-Ketoglutaric Acid 


i(*i*)*01aUiaic ac i<l 


a-KetcgluUric icid 


Titratioa. values,* 0.1 ji NaOH 


0 

0.02 

0.(H 

0 

0 

O.Oo 

0.05 

2.00 

0 


mg. 

nt. 


0 

0.51 

0.55 

0 

1.01 

1.05 

0 

1.73 

1.6S 

0.02 

0.53 

0.55 

0.01 

Q 

0.60 

2.05 

0.55 

2.05 

0.01 

0 

2.2S 

7.50 

2.30 

7.61 

2.00 

5.36 

5.55 


* 5 ml, aliquots from 10 ml. culture tubes. 


In tests in which limiting amounts of glutamic acid were , further 

growth, the amount of lactic acid produced — , , jjx 

addition of rather small amounts of a-ketoglutanc aci ^ , inactive 

9-Hyd,o^gl„ta„ic add tested and found to be cmplerfy ^t^e. 
Table III shows that pyrrolidonecarboxylic acid J ^ L being 

-Id to, the 6,o»tb of this otgaoism. 

boiled for 4 hours ■with 6 N hydrochloric acid, this 

glutamic acid activity. 
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uu uuc 

oy VVilson and Cannan ^12) Tn tK.. + *" J T m aetau 

tamie acid was dissolved in distScd w f 

^oivea in distilled water and no buffer was added. The 

Table III 

AclimUj of PyrroUdonecarboT„Ur Acid 


Substance tested 


c?^“GIutamic acid 


Pyrrolidoaeoarbo.'cylic acid (prepared 
irom cf^gJutamic acid) 

Pyrrolidonecarboxylic acid *f 
^^-Glutamic acid 

hydrolyzed pyrrolidonecarboxylic acid 


Amount 

Calculated 

di“glutaraic 

acid 

equivalent 

mg. 

mg. 

0 

0.04 

O.OS 

0.12 

0.16 1 
0.0351 

0.04 

0.105 

0.12 

0.439 

0.50 

0.105) 
0.12 / 
0.0351 

0.04 

0.105 

O.OS 

0.439 

0.16 


Titration value,* o.l h 
N aOH 



• 5 ml. aliquots from 10 ml. cultures. 

Table IV 

Goneent ffcaitriff on Activity of Glutamic Add Solutions 

glutamic acid. 1 mg. par 10 ml. of solution. 


2.10 
2. SO 
3.95 


Autoclavinff time 


0 

1 

3 

6 




^W-GluUmic add, as deteixoincd by 
microbiolodcol analysis 


6 (Followed by hydrolysis with 6 n 

XlCyl) 


1.00 

0.76 

0.47 

0.19 

0.98 


autoclaving was done at 15 pounds pressure. Practically all of the activity 
winch was lost by heating the solution was restored by boiling for 4 boon 
with 6 N hydrochloric acid. Under conditions such as these, the con' 
version of glutamic acid to pyrrolidonecarboxylic acid is apparently not 
accompanied by racemization. 
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The titration values of the glutamic acid tests were found to be modified 
by large variations in the amount of aspartic acid contained in the medium. 
The medium iis used in this investigation contained 4 mg. of aspartic acid 
per tube. Tests showed that the further addition of the small amounts of 
aspartic acid containetl in the materials to be tested was Avithout effect 
on the titration values. 

Glutamic Acid Content of Peptides , Proteins ^ and Foodstuffs 

Complete hydrol3\sLs of peptides and proteins was found to be essential 
for the accurate determination of glutamic acid by the method reported 
here. A casein sample peptonized by heating "svith dilute acid showed a 
glutamic acid content of 18.2 per cent as compared to a value of 21.5 per 
cent obtained after hydrolysis ^\^th 6 N hydrochloric acid. Consistently 
higher values were obtained when proteins and foodstuffs were hydrolyzed 
with hydrochloric acid than when sulfuric acid hydrolysis followed by 
removal of the sulfate by barium hydroxide was used. The lower values 


Table V 

Effect of Hydrolysis on Determination of Glulamic Acid in Glutathione 


Theoretical 
K’t*)*glulaniic acid 

I /(+).Glutamic acid found 

content of sample 

Non-hydrolyaed sample 

Hydrolyzed sample 

mr. 

mf. 

per cent oj theoretical 

mg. 

per cent of theoretical 

0.02 

0.0100 

50 

0.0205 

102 

0.04 

0.0155 

39 

0.0410 

102 

0.06 

0.0210 

35 

0.0600 

100 


in the latter case were probably due to adsorption of glutamic acid on the 

barium sulfate precipitates. ^ ..r. 

Samples of pure Z(+)-glutaniic acid \vhich were refluxe or u 
vnth 6 N hydrochloric acid showed no loss in glutamic acid activity. 

The analytical procedure was tested by detenninmg the glutamic acid 
content of pure glutathione. When this peptide was not hydrolyzed, ve^ 
low results were obtained. After hydrolysis ivith 6 N hydrochlonc acid 
practically theoretical values were obtained (Table V). 

In Tables VI and VII the authors’ values for the glutamic “id content 
of casein and egg albumin are compared ivith values ta en rom e 
ture. It is recognized that the accurate determination o g u amic 
isolation procedures is exceedingly diflScult. Considera ® .. , 

done by Chibnall and associates (13, 17) to make the e ermm 
this procedure as accurate as possible. In the case o egg a u 
authors report that not all of the material which they ^ ^ ^ rnm. 

glutamic acid. A small portion was reported as being e racem 
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determination of glutamic acid by the use of Ladohadllus arahimsus since 
the d(— ) isomer is much less active than the l(+) form for the growth of 
this organism. Arnow and Opsahl (19) have reported that a small amount 
of racemization took place in their experiments in ^Yhich [(+)-glutamic 
acid was boiled with 20 per cent hydrochloric acid. After a period of 
30 hours 2.4 per cent of the original sample bad been converted into the 
d isomer. For a period of 24 hours this would be less than 2 per cent, an 
amount which would come within the over-all experimental error of the 
microbiological method. In experiments by the present authors, the 
refluxing of Z(+)-gIutamic acid 'with 6 n hydrochloric acid for 24 hours 
did .not result in a measurable loss of glutamic acid activity. 

Although a-ketoglutaric acid can partially replace glutamic acid in the 
nutrition of Lactobacilhcs arabiiwsiiSj the a-keto analogue is much less active 
than glutamic acid. It is not probable that hydrolysates of foodstuffs 

Table X 

Effect of Hydrolyzing Casein in Presence of Carbohydrates oti Determination of 


Glutamic Acid 


Carbohydrate added to 1 gin. casein* before hydrolysis 

/(+)*Glutam»c add found 

None 

per cent 

21.5 

Sucrose, 1 gm 

20.8 

Arabinose, 1 gm 

20.8 

Soluble starch, Merck, 5 gm,. 

20.1 




* Labco casein was used in these teats. 


would contain sufficient quantities of this substance to interfere with the 
glutamic acid detenmnations. 

If glutamine or pyrrolidonecarboxylic acid is present in materials to be 
analyzed, these substances would be converted to glutamic acid by sci 
hydrolysis and determined as glutamic acid by this or any other metho . 

SUMMARY 

A microbiological method for the determination of Z(+)-glutanuc acid 
with Lactohacilliis arahinosus 17-5 as the test organism is described. ® 
method is applicable to the determination of glutamic acid in pep t * 
proteins, and foodstuffs. The validity of the method has been tes 
the analysis of pure proteins of known glutamic acid content. ^ 

The relationship of glutamine and glutamic acid to the grm\^h . 
ments of Lactobacillus arahinosus has been studied. The data 
that glutamine must be formed from glutamic acid by the 
not present in the medium and that the organism c^ot reach y ca 
this conversion when the glutamic acid concentration is low. 
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Tests on the specificity of the orgauism for glutamic acid showed that 
glutamine is very active, that a-ketoglutaric acid is active under certain 
conditions, and that /3-hydroxyglutamic acid and pyrrolidonecarboxylic 
acid are completely inactive. The ratio of the activity of dl- and ?(+)- 
glutamic acid was found to vary, depending on the test level. 

This investigation was supported in part by a grant-in-aid from the 
Texas Cotton Research Committee. 
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THE FECAL EXCRETION OF ESTROGENS 
BY PREGNANT COWS* 

By LOUIS LEVIN 

(From the Department of Anatomy ^ College of Physicians and Surgeons, 
Columbia University, New York) 

(Received for publication, October 28, 1944) 

Recent reports (1) tliat administered estrogen is removed from the cir- 
culation and concentrated in the bile suggest the possibility that consider- 
able quantities of estrogen may leave the body by alimentary elimination. 

Although many investigations of the urinary excretion of estrogens have 
been reported, only three reports of the estimation of the fecal excretion 
of these substances have been found. Dohrn and Faure (2) reported that 
pregnant women excrete large quantities of estrogenic material with the 
feces. Siebke and Schuschania (3) stated that normal women excrete 
almost as much estrogen in the feces as in the urine. Gustavson (4) found 
large amounts of estrogenic activity in the feces (plus urine?) of hens. A 
systematic study of the quantity and chemical nature of the fecal estrogens 
has apparently never been made. 

An investigation of fecal excretion of estrogenic substances by pregnant 
cows was therefore undertaken. Cows were chosen because apparently 
this species excretes but little estrogen in the urine. Although the amounts 
of estrogen found in the feces are not large, the behavior of the material 
indicates that the active substance is neither estrone nor estrioL On the 
basis of chemical separation, distribution behavior, and activity ratios as 
determined in rats and mice, the conclusion has been reached that the 
active substance obtained from the feces of pregnant cows is largely a non- 
ketonic weakly acidic phenol, probably a-estradiol. 

Whether estradiol is secreted as such into the gut by the cow is not 
known. It is possible that the presence of estradiol in the feces is, rather, 
due to an intraintestinal conversion of some other estrogen (estrone?) into 
estradiol. Mamoli (5) has shown that certain strains of yeast, when incu- 
bated with estrone esters, reduce the estrone to estradiol and simultane- 
ously hydrolyze the ester linkage. Likewise, Mamoli (6) has shown that 
Bacillus putrificus, isolated from putrifying tissue extracts, has the ability 
to reduce ketonic groups and unsaturated linkages of certain androgenic 
steroids. It seems not improbable, therefore, that some component (or 
components) of the intestinal flora of the cow may have a similar capacity 

* Aided by a grant, administered by Dr. P. E. Smith, from the Rockefeller Foun- 
dation. 
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for reduction of steroid ketonic groups. On the other hand, Westerfeld 
and Doisy (7) have reported that the estrogen of cow ovaries is entirely 
non-ketonic. This raises the distinct possibility that in this species, at 
least, estradiol as such enters the gut from the blood stream or with the 
bile. 


EXPERLMENTAL 

Feces from cows during the last few weeks of pregnancy were collected 
without contamination with urine.^ The fresh feces were thoroughly 
extracted with ethyl alcohol, either at room temperature or in large Soxhiet 
extractors. The yields of active material appeared to be independent of 
extraction temperature. Hydrolytic procedures were not used because in 


Table I 

Estrogen Content of Pregnant Cow Feces 


Prepara- 
tion No. 

Cow 

No. 

Feces collected 

Fresh feces 

Dried feces 

After 

breeding 

Before 

calving 

Solids 

Estrogen per kilo solids 

Estrogen per kilo 
solids 

- 



days 

days 

—f 

^er cent 

rat units 


rat units 

7* 

L670 

H38 


1 

13.2 




720 

L675 

492 


12 

13.6 



2500 

450 

L677 

X50X 1 

274 

5 

13.1 



2700 

4S6 

715 

390X 

277 

3 

13.2 





719 1 

H36 

244-258 

2^38 

14.8 


1440 

2700 

486 


H53 









G23 









1 491 

i 








* Expressed as micrograms of a-estradiol calculated on the basis of 0.18 y o 
estradiol per rat unit. By our method of assay, using a-estradioI in sesame oi 
solution and administering the entire dose in one injection, 39 per cent of the amma s 
respond to 0.15 y, 70 per cent to 0.18 7, and 84 per cent to 0.21 y. 

a number of pilot experiments no evidence for the presence of conjugated 
estrogen could be obtained. 

The combined alcoholic extracts were distilled in vacuo to an aqueoi^ 
sludge which was then acidified to Congo red with hydrochloric aci an 
exhaustively extracted with ethyl ether. Strongly acidic substanc^ 
removed from the combined ethereal solutions by extraction wit 
cent NaHCOs solution. After washing the ether solutions wth wa 
neutral to litmus, the ether was distilled off and an aliquot 
residue was used for assay purposes. The yields of estrogen obtame 
five specimens of pregnant cow feces are given in Table I. 

1 The author ia greatly indebted to Dr. Ralph Reece of the New 
Experiment Station for hia wholehearted cooperation in arranging or 
of the f^cea. 
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The remainder of the crude tany material was freed of neutral substances 
by being dissolved in a small volume of ether and exhaustively extracted 
with 1 N NaOH. The alkaline solution was acidified and active phenols 
transferred back to ether by extraction with this solvent. The ether was 
distilled off and the resulting oil was dried in vacuo over CaCb. 

The dr^** oil was separated into ketonic and non-ketonic fractions by 
means of Girard^s Reagent T (8), by means of a slight modification of the 
method described by Pincus and Pearlman (9). Since almost all the 
activity was found in the non-ketonic fraction (Table II), the latter was 
further dmded into strongly and weakly phenolic fractions by partition 
between benzene and 0.3 m NauCOa, as described by Mather (10). As 
shown by the distribution ratios in Table II, almost all of the activitj^ of 
the non-ketonic extract was found in the weakly phenolic fraction. The 

Table II 


Distribution of Estrogen of Pfegnant Cow Feces 


Fcccs 

Preparation No. 

Neutral 

Ketonic 

Phenolic 

1 Non-ketonic 

“Strong^* j 

“Weak” 


1 

per cent 

1 

per cent 

Per cent j 

per cent 

Fresh 

715 723C 

2 

5.8 

4.0 

88.2 


719 730B 

3 

6.8 

17.5 

72.7 


Pooled — > 712B 

0 

4.5 

0 i 

95.5 

Dried* 

1 670 707 

0 

55 

45 


675 709 

0 





677 725 

0 

j 67 

33 


* The dried samples were aliquots of the fresh samples. 


chemical separation described above therefore shows that a major pro- 
portion of the estrogenic activity present in feces of pregnant cows is due 
to a non-ketonic, weakly acidic phenol. Of the known estrogens, only 
estradiol fulfils this description. 

Further evidence concerning the identity of an estrogenic substance may 
be obtained by study of the response of rats and mice to ad minis tration 'of 
the substance. Doisy el al. (11) have sho\vn that the ratio of the weight 
of the rat unit to that of the mouse unit is quite distinct for each of the 
more common estrogens, e.g. estrone, estriol, and estradiol. Our omi 
assay data closely approximate those obtained in Doisy's laboratoiy. 

Furthermore, by assa 3 dng oily as well as aqueous solutions and com- 
paring the rat unit obtained with each type of vehicle, the ratios obtained 
clearly distinguish estriol from estrone and a-estradiol, although the latter 
two cannot be distinguished from each other in this w'ay. 
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In order to confirm the indications of partition behavior regarding the 
nature of the active principle of pregnant cow feces, the final non-ketonic 
weakly acidic phenol fraction was assayed in spayed mice and rats. In the 
latter species both oily and aqueous solutions were assayed. The pre- 
cautions used in preparing the assay animals and the assay technique 
closely followed those outlined by Kahnt and Doisy (12), except that die 
solutions in sesame oil were administered in a single dose while the total 
dose of aqueous (10 per cent ethanol) solutions ^vas divided into two in- 
jections given 8 hours apart. Vaginal smears were made beginning 48 
hours after the first injection. The results obtained mth pure estrone, 
estriol, and a-estradiol,- as well as with several specimens of the non-ketonic 
weakly acidic phenol fraction of pregnant cow feces, are detailed in Table 


Table III 

Comparison of Assay Behavior of Weakly Phenolic^ Non~Keionic Fraciionfrom Preg- 
nant Cow Feces wi4h That of Crystalline Estrogens 


Preparation 

Kat unit 

Mouse unit, 
aqueous 

Rat unit, oil 

Rat unit, aqlieoas 

Oil 

Aqueous 

Rat unit, aqueous 

Mouse unit, aqueous 


7 

7 

7 



Estrone J 

1.35 ! 

1.00 

0.07 ' 

1.35:1 

14:1 

a-Estradiol . * 

0.18 

0.12 

0.03 

1.5:1 

4.0:1 

Estriol . 1 

±32 

2.0 

>24 

16:1 

0.08:1 


ml. 

ml 

ml 



L712B* 

0.14 

0.11 

0.03 

1.27:1 

3.67:1 

L723C* 

j 0.023 

0.016 

0.004 

1.44:1 

4.00:1 

L730B*. ... 

, 0.032 

0.020 

0.006 

1.60:1 

3.33:1 


* The units of the unknown substance are expressed in terms of ml. of standard 
alcoholic solution. 


III. The ratio of the rat unit obtained with sesame oil solutions to tha 
obtained with aqueous solutions (1.27:1 to 1.60:1) indicates that t e 
active constituent of the extracts is definitely not estriol (ratio 16.1) n 
may be either estradiol (ratio 1.5:1) or estrone (ratio 1.35:1). Likewise 
the ratio of the weight of the rat unit to that of the mouse unit 
solutions) obtained with the extracts (between 3.33:1 and 4.0.1) 
closely with that obtained with pure a-estradiol (4.0:1) but oes 
correspond to the ratios for estrone or estriol (14:1 and 
tively). The chemical and physiological data therefore agree in m 
that all or nearly aU of the estrogen excreted with the feces by cows 
in pregnancy is estradiol. ^ ^ 

'The crystaUme estrogens were kindly furnished by Dr. 

DaviB and Company, and by Dr, Erwin Schwenk of the Schenng Coip 
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A perplexing finding is that illustrated by the data in the second half 
of Table IL Extracts Avere made from three specimens of feces which had 
been oven-dried at 70-80°. The dried feces were extracted with warm 
ethanol in Soxhiet extractors and the extracts were then treated as described 
above. On separating the purified phenolic fractions with Girard's re- 
agent, it was found that one-half to two-thirds of the estrogenic activity 
was present in the ketonic fractions. Eepetition of the Girard's separation 
confirmed the ketonic nature of this fraction. The samples of dried feces 
used in these experiments were aliquots of the samples extracted in the 
fresh state as described above. The drying was begun at the same time 
that the fresh aliquots were extracted. It, therefore, appears that as a 
result of drjdng the fecal specimens in air at least a portion of the estradiol 
is converted to a ketonic estrogen, presumably estrone. Coincidentally, 
a considerable proportion of the extractable active material is lost. 

The technical assistance of Miss Dorothy Wangerin in performing the 
assays is gratefully acknowledged, 

SUMMARY 

During the last 2 weeks of pregnancy, cows excrete 5000 to 10,000 rat 
units of estrogenic substance per kilo of dry feces. Calculated as a-estra- 
diol, this amounts to 0.9 to 1.4 mg. of estradiol per kilo of fecal solids. 

The fact that the major proportion (73 to 96 per cent) of the estrogenic 
activity is found in the weakly phenolic, non-ketonic fraction of the extracts 
strongly indicates that the active substance is estradiol. Likewise, the 
ratio of the weight of the rat unit to that of the mouse unit is in good 
agreement with the similar ratio obtained with pure a-estradiol, but not 
with that of estrone or estriol. 
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LETTERS TO THE EDITORS 


ON THE ENZYIVIIC FORMATION OF VITAMIN B, 
FROM ITS CONJUGATE 


Sirs: 

Briggs ei aU have questioned the enzymic character of the conversion of 
vitamin Be conjugate to vitamin Be as reported by Binkley et al^ The 
enzyme (or enzymes) involved is widely distributed in nature. Hog 
kidney, liver, small intestine, and beef liver are rich sources. It occurs in 
sweet almond and to a lesser extent in potatoes. Only traces were detected 
in molds (Aspergillus^ Penicillium^ and Mucot^. It does not occur in yeast. 
For convenience we refer to the enzyme tentatively as vitamin Bd conju- 


gase. . . 

In natural crude mixtures the enzyme is stable on storage. The activity 
of acetone-desiccated hog kidney rvas found constant over a period of 2 
years and commercial almond meal is uniformly active. Solutions of 
purified conjugase from hog kidney and from almond are stable for several 
weeks in the refrigerator but dried preparations lose activity on standmg. 
The enzyme is destroyed by boiling for 2 minutes. Kidney and liver 
autolysates are active. We have been unable to identify vitamin B<r 
conjugase ivith kidney nucleosidase,^ acid phosphatase of almond* or po- 
tato/ alkaline phosphatase of small intestine,^ or /?-glucosidase of almond. 
The optimum pH of the kidney enzyme is 4.5, while that for almond is 7.0. 

The following experiment is illustrative. A frozen hog kidney (118 gm.) 
was dispersed in water (354 cc.). The mixture was incubated under 
toluene for 40 hours at 37^ It was centrifuged and filtered (Super-Cel). 
To the filtrate (320 cc.) was added ammonium sulfate (96 gm.), and the 
precipitate collected at the centrifuge. The precipitate was taken up m 
water' (75 cc.). Acetic acid \vas added to pH 4.1. The precipitate was 

1 Briggs, G. M., Jr., Luckey, T, B.. Elvehjem, C. A., and Hart. E. B., J. Biol. 


Chem.,165,6S7 (2m). ^ 

* Binkley, S. B., Bird, O. D., Bloom. E. S., Brown, R. A., Calkins. D. G., Camp- 

bc2hC.J..Emmefct,A.B..andP5finer,J.J..3mn^e,100,36(m^^ 

^Levene, P. A-. Yamagawa, M., and Weber, 1., J. Btoh Chem 
Levene, P. A., and Weber, UJ. Biol Chem., 60, 707 (1924). von Euler, H., and Bm- 
nius, B., Per. chem. Ges., 60# 15S4 (1927). 

^Brederjck, H., Ber. chem. Ges., 71# 410 (1938). 

« Hartmann, M.. and Bosshard, W.. Helv. chim acta, 21, 1554 (1938) 

' Schmidt, G.. and Tbannhauser, S. J., J ■ Biol. Chem., 149, 369 (1943). 
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centrifuged off and discarded. Ammonium sulfate (21.0 gm.) was added to 
the solution (70 cc.) and the centrifuged precipitate was suspended in water 
(26 cc.). The suspension was centrifuged and the insoluble fraction dis« 
carded. The clear solution was adjusted to pH 6.5 wth dilute NaOH and 
stored in the refrigerator under toluene. It contained 354 mg. of protein. 

To 0.25 cc. of the solution were added 1 cc. of substrate (a yeast con- 
centrate having in each cc. 60 y of vitamin as conjugate), 3.75 cc. of 
distilled water, and 5 cc. of 0.1 n sodium acetate buffer, pH 4.5, The 
mixture was incubated at 45® in a water bath. Aliquots were ^YithdrawIl, 
heated in a boiling water bath, and assayed microbiologically 
ladis R) \vith the following results: 

VituniQ Be liberated 


Time per rag. protein 

A/l, TT 

0.5 0.43 

1 0.79 

2 2.02 

4 3.99 

Boiled enzyme control, 4 hrs. 0.04 


IVIims et aU report an enssyme preparation from rat liver which produces 
a Streptococcm lactis R-stimuIating factor from inactive material in yeast. 
Laskowski and Mims® have succeeded in further purifying the enzyme. Wc 
have found their purified enzyme (supplied by Dr. Laskowski) active m 
forming vitamin Be from vitamin B^ conjugate. 

These observations demonstrate that the reaction is en 23 nnic in nature. 


Research Laboratories 
Farke^ Davis and Company 
Detroit 


0. B. Bibd 
S. B. Binkley 
E, S. Bloom 
A. r>. Emmett 
J. J. Pfiffneb 


Keceived for publication, November 18, 1944 

? Mima, V., Totter, J. R., and Day, P. L., J. Biol. Chem., 165, -JOl {19«>. 
* Laskowski, M., and Mims, V,, personal communication. 



THE ROLE OF DIHYDROGOZYMASE IN ENZYMATIC 
TRANSPHOSPHORYLATION 

Sirs: 

Aqueous extracts of minced rat muscle can be shown to contain the 
enzymes which catalyze the following two reactions. 

(1) Adenosine triphosphate + glucose glucose-6~phosphate + 

adenosine diphosphate 

(2) Adenosine triphosphate -{- fructose -6 -phosphate — > fructose-1, 6-diphosphate -J- 

adenoskie diphosphate 

Both of these reactions can be followed manometrically in fluoride-inhib- 
ited extracts by a method described previously^ for measuring the activity 
of yeast hexokinase, which catalyzes Reaction 1. 

When the muscle extracts are acidified to pH 6 and kept at 25°, there is a 
very rapid disappearance of the activity of both enzymes. This loss of 
activity is much slower at pH 6.5 and does not occur at all in the pH range 
7.0 to 8.0. When the water extracts are prepared from acetone-dried rat 
muscle instead of from fresh muscle, the enzymes are stable at any pH in 
the range 6.0 to 8.0. An extract of acetone-dried muscle can, however, be 
inactivated rapidly at pH 6.0 by the addition of an extract of fresh muscle. 

Extracts which have been inactivated at pH 6.0 can be reactivated by 
the addition of small amounts of dihydrocozymase, as sho\vn in the table, 
in which the manometric data have been substantiated by chemical esti- 
mation of the disappearance of adenosine triphosphate. The results were 
obtained with a fluoride-iodoacetate-inhibited system, in which the 
addition of the oxidized form of cozymase- had practically no effect. It 
seems clear that the effect of dihydrocozymase observed here is not related 
to its W’ell known action in hydrogen transport, since no oxidation-re- 
duction could have taken place. Dihydrocozymase appears to function 
directly in the reactions by which phosphate is transferred from adeno- 
sine triphosphate to glucose or fructose-G-phosphate. 

This fact suggests a relationship to the Pasteur effect. The concentra- 
tion of reduced cozymase might be expected to be much lower under aerobic 
than anaerobic conditions, and it follows that Reactions 1 and 2 would 
occur at a slower rate under aerobic conditions. 

^ Colowick, S. P.j and Kalckar, H. M., /. Biol. Chem.t 148, 117 (1943). 

* The cozymase preparation (50 to 75 per cent pure) was generously supplied by 
Dr. Fritz Schlehk. The dihydrocozymase was prepared by reduction with dithionite 
according to D. E. Green and J. G. Dewan {Biochem. ^.,31, 1069 (1937)). 
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Effect of Dihjdrocozymase on Transfer of Phosphate from Adenosine TriphosphaU to 
Glucose and Fructose-d^phosphaU 

Minced rat muscle extracted with 1.4 volumes of HiO; extract kept at 25® at pH 6.0 
for 2.5 hours. The complete test system (volume 2.4 cc.) was as follows: 0.9 cc. of 
aged extract, 0.025 m I^aHCOj, O.OOS .\£ MgCIj, 0.002 m iodoacetate, 0.06 u XaF, O.OOOl 
H cozyraase (o.xidized or reduced form), 0.004 m adenosine triphosphate, and 0.01 u 
phosphate acceptor. Gas phase, 95 per cent per cent CO*; pH 7.5; reaction time 
35 minutes. Trichloroacetic acid filtrates analyzed for inorganic phosphate before 
(Po) and after (P7) hydrolysis for 7 minutes in 1,0 n HCl at 100°. All values are 
expressed in micromoles. 


Sample 

No. 

Cozymase addiUoa 

Phosphate acceptor 

p. 

Pr 

Pr-P# 

P 

traas- 

fciTtd 

Acid 

pf<^ 

ductioa 

(rnaao* 

aetiic) 

1 

None 

None 

17.7 

30.3 

12.6 

0 

2.9 

2 

(< 

Glucose 

17.1 

29.6 

12.5 

0.1 

3.0 

3 

tt 

Fructose-6-phosphate 

17.4 

30.3 

12.9 

0 

6.5 

4 

Cozymaae 

None 

16.8 

1 29.6 

12.S 

0 

1.8 

5 

tt 

Glucose 

17.7 

1 31.0 

13.3 

0 

I 3.0 

6 

tt 

' Fructose-6-phosphate 

17.7 

31.6 

13.9 

0 

6.1 

7 i 

Dihydrocozymase 

! None 

18.4 

32.2 

13.8 

0 

2.8 

8 1 

it 

Glucose 

17.4 

26.1 

8.7 

6.S* 

6.7 

9 i 

ft 

Fructose-fi-phosphate 

17.7 

20.6 

2.9 

13.8* 

U.S 


^ Corrected for hydrolysis of fructose-1, 0-diphosphate (25 per cent in 7 minutes 
,in 1.0 N HCl at 100°). 


It is a pleasure to thank Professor C. F. Cori for his continued interest in 
this work. 

Department of Pharmacology SinrrET P* CotOTNicx 

Washington University School of Medicine Winstox H. Phice 

SL Louis 
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CHROMATOGRAPHIC SEPARATION OF THE 
2,4-DINITROPHENYLHYDRAZONES OF 
ESTRONE AND EQUILENIN 

Sira: 

When the 2,4-dmitrophenylhydrazone3 of estrone and equilenin in 
benzene solution are passed through a column of aluminum oxide (Brock- 
mann), 5 X 100 mm., they are strongly adsorbed in a yellow band at the top 
of the column. Elution of the column ^^ith 1 per cent ethyl alcohol in pe- 
troleum ether causes development of the chromatogram and the hydrazone 
of estrone separates as a band immediately below the hydrazone of equi- 
lenin. Continued washing of the column ^vith 1 per cent ethyl alcohol in 
petroleum ether removes the hydrazone of estrone but does not remove the 
hydrazone of equilenin. With columns of aluminum oxide 5 X 100 mm., 
quantities of estrone hydrazone from 5 to 25 7 are readily separated from 
approximately 1000 7 of the hydrazone of equilenin in this fashion. The 
hydrazone of equilenin may be removed from the column by increasing the 
concentration of alcohol or by washing ^vith acetone. The results, in 


micrograms, of several such 

separations are as follows: 

Estrone hydrazone 

Equilenin hydrazone ■ 

(approxiiaatcly) ^ 

Estrone hydrazone recovered* 

5.1 


1000 

5.1 

25.5 

1 


1000 

25.5 


• Determined by a method of Veitch and Milone (J. Biol. Chem,^ in press). 


Preparation 0/ 2 fJi.-DinitTOphenylhydTazone of Equilenin^ — ^Appro.xi- 
mately 50 mg. of pure crystalline equilenin were dissolved in 10 ml. of al- 
dehyde-free ethyl alcohol and t^^'ice the calculated amount of 2,4-dini- 
trophenylhydrazine added. The mixture was refluxed for 1 hour, at the 
end of which time sufficient concentrated hydrochloric acid was added to 
change the color of the solution from a deep red to a light yellow. At this 
stage the hydrazone of equilenin partially crystallized from solution. A 
small amount of water (5 ml.) was added and the mixture cooled to 0® in an 
ice bath. The orange-colored crystalline hydrazone was filtered oflf, re- 
crystallized from alcohol-water several times, and finally dried in a vacumn 
desiccator. 

We are indebted to Dr. Oliver Kamm of Parke, Davis and Compan}" who sup- 
plied the pure equilenin used in this work. 
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M.p. 268-270® (uncorrected) with decomposition, 
method, found 12.5, theory 12.55. 

Department of Biological Chemistry 
Georgetown University School of Medicine 
Washington 


Nitrogen, by Dumas 

Fletcher P. Veitch, Jr. 
Hekrt S. AIilonb 
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CHOLINE-LIKE NUTRITIONAL EFFECT OF 
DIMETHYLAMINOETHANOL 

Sirs: 

It was found^ » - that supplements of betaine, methionine, or methionine 
plus aminoethanol did not alleviate the symptoms of choline deficiency in 
chicks receiving simplified diets which were deficient in choline. Stetten^ 
in experiments with rats, observed that ethanolamine could fimction as a 
precursor for the biological synthesis of choline. He postulated that 
betaine might be a source of methyl groups for this synthesis, and sub- 
sequently experimental evidence has appeared* which supports this hy- 
pothesis. It had previously been shown® that methionine could act as a 
donor of methyl groups in the synthesis of choline in the body of the rat and 
that the addition of betaine enabled rats to utilize homocystine in the diet 
in place of methionine.® Recently it was reported^ that betaine or me- 
thionine when added to a diet containing the natural foods com and peanut 
meal apparently enabled the chick to synthesize choline. This effect was 
not observed when the diet was based principally on glucose and 
casein.** 2, 7 Yxom this it appeared that, in natural foods, simple precursors 
of choline might exist which could be “methylated” by the chick to yield 
choline. The possibility of the existence of such precursors prompted a 
search among various compounds. 

In the present investigation, day-old New Hampshire red chicks were 
placed on a choline-deficient diet similar to that described previously.^ 
The diet contained 18 per cent of casein, which is a fairly good source of 
methionine. Ten chicks were used in each group. The chicks were 
weighed and examined for perosis at frequent intervals. The results shown 
in the accompanying table were obtained. 

* Jukes, T. H., J. Nuir., 22, 315 (1941). Almquist, H. J., and Grau, C. R., J . Nuir., 
27, 263 (1944). 

* Jukes, T. H., and Welch, A. D., J. Biol. Chem., 146, 19 (1942). 

* Stetten, D., Jr., J. Biol. Chem., 140, 143 (1941). 

* Siromonda, S., Cohn, M., Chandler, J. P., and du Vigneaud, V., Abstracts, Divi- 
sion of Biological Chemistry, American Chemical Society, New York, 49B (1044). 

* du Vigneaud, V., Chandler, J. P., Cohn, M., and Brown, G, B., J. Biol. Chem., 
134, 787 (1940). 

* du Vigneaud, V., Chandler, J. P., Moyer, A. W., and Keppel, D. M., J . Biol. 
Chem., 131, 57 (1939). 

^ McGinnis, J., Norris, L. C., and Heuser, G. F., Proc. Soc. Exp. Biol, and Med., 
56, 197 (1944). 
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Supplement to 100 gm. basal diet 

Per cent incidence o! perosis at 

Gaia in 2S 
days 

21 days 

28 days 

None 

50 

60 

HBI 

0.2 gm. dimethylaminoethanol 

0 

0 


0.1 “ choline chloride 

0 

0 

194 


The results indicate that dimethylaminoethanol ((CH3)2NCH2CH20H) 
has a choline-like effect in promoting growth and preventing perosis in 
chicks on a diet deficient in choline. The promotion of growth was not as 
marked as the prevention of perosis, which was complete. The structure 
of the molecule of dimethylaminoethanol is such that the addition of a 
methyl group might lead to the formation of choline. The methionine 
present in the basal diet might function as a source of methyl groups for 
this purpose. Dimethylaminoethanol occurs in nature in combined form 
in cassaine, an alkaloid present in a member of the Leguminosae.® Di- 
methylaminoethanol has been reported to have a blood pressure-lowering 
effect in the dog about one-fifth that of choline,^ It was reported by du 
Vigneaud^® that dimethylaminoethanol could not substitute for choline 
effecting growth with homocystine. However, he found that deute- 
riomethyl groups appeared in choline^* obtained from the bodies of rats 
which had been fed with dimethylaminoethanol containing deuterium in 
the methyl groups. These observations are in harmony mth the present 
suggestion that dimethylaminoethanol may be an acceptor of a methyl 
group. 

Lederle Laboratories ^ Inc, TnoatAs H. JuK£S 

Pearl /Siocr, New York J. J. Oleson 

Received for publication, November 9, 1944 

* Faltis, F., and Holzinger, J-, Ber. chem, Ges.^ 72, 1443 (1939). 

» Fuchs, H., Z, Biol, SI, 296 (1938-39). 
du Vigneaud, V., Harvey Lectures, 38, 39 (1942-13). 











THE MODE OF DEAMINATION OF i-AMINO ACIDS 
IN SURVIVING TISSUES 


Sirs: 


In 1939, Braunstein and Bychkov^ suggested that oxidative deamination 
of Z-amino acids may proceed indirectly, by way of (1) transamination 
with a-ketoglutaric acid and (2) deamination of the resulting Z-glutamic 
acid by its specific dehydrogenase. In support of this scheme, they 
prepared a cell-free model of Z-amino acid oxidase from the enzymes and 
H and NHa carriers involved. 

We have tested this indirect deamination mechanism in liver and kidney 
tissues and confinned it, after some failures, with diluted suspensions of 
ground kidney (pig, rat).- 

The following facts indicate ‘that certain Z-amino acids are actually 
deaminated in this way. 

1. When ground and suspended in saline solutions, cortical kidney 
tissue fails to deaminate the simpler aliphatic mono- and dicarboxylic 
amino acids, owing chiefly to dilution and autolytic decomposition of the 
H and NH 2 carriers. 

2. Deamination of Z-glutamic acid in such preparations is restored to 
levels observable in intact kidney slices, by addition of cozymase. 

3. /-Aspartic acid, Z-alanine, Z-cysteic acid, Z-valine, and Z-leucine are 
deaminated by diluted suspensions of broken kidney cells with cozymase 
and a-ketoglutarate, comparable to intact slices. In absence of cozymase 
or of ketoglutarate, the extent of deamination is negligible. (Due cor- 
rection must be made for substantial amounts of ammonia formed in 
cozymase-containing controls without addition of amino acid; disturbing 
side reactions are suppressed by 0.01 m Na arsenite.) Similar but less 
clear cut results were obtained with kidney and liver tissues of other 
animals. 

4. The rates of (a) deamination of the amino acids mentioned in sus- 
pensions supplemented as under (3) and (b) deamination in intact kidney 
slices do not exceed the rates of (c) their transamination with ketoglutarate 
or (cZ) deamination of Z-glutamic acid. The rates of reactions (a), (6), and 
(c) decrease in the following similar sequences. 

GJutamic acid > aspartic acid > aJanine > cysteic acid > valine > leucine 


‘Braunstein, A. E., and Bychkov, S. M., Nature^ 144, 751 (1939); Biokhymia, 5, 
261 (1940). 

* In a recent survey of transamination Cohen mentions that he failed to observe 
deamination in similar experiments (Cohen, P. P., in A symposium on respiratory 
enzymes, Madison, 224 (1942)). 
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5. Besides the aforementioned, and with the possible exception of serine, 
methionine, and phenylalailine, the natural isomers of which were not 
available, none of the natural amino acids was found accessible either to 
transamination or to oxidative deamination in kidney slices or supple- 
mented suspensions. 

6. Bi avitaminosis in rats results in parallel decreases of glutamic ami- 
nopherase and ^^Z-amino acid oxidase'' activities of liver and kidney tissue/ 

It must be stressed that most amino acids resistant in vitro (glycine, 
lysine, and tryptophane excepted) undergo transformations in vivo^ leading 
to amino acids capable of transamination, and may therefore be subject to 
terminal deamination as outlined above. 

The recent discovery by Green et aU of specific flavoprotein enzymes, 
deaminating certain Z-amino acids and glycine, does not dismiss the sug- 
gested indirect deamination, as the substrates most readily attacked by 
Green's enzymes are poor substrates with tissue slices or suspensions, and 
vice versa. 

InsiiiutG of Exycrimental Medicine of the U. S, S. iZ. A. E. Bkaunstein 

Department of Chemistry R. M. Asarku 

Laboratory of Chemistry and MetdbolisTn of the Proteins 
Moscow, U. S, jS. iZ. 

J 
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* Kritzmann, M. G., Biokkimya, 8, 85 (1943). 

* Green, D. E., Nocito, V,, and Ratner, S., J. Biol. Chevi., 148, 461 (1943). Ratner, 
S., Nocito, V., and Green, D. E., J. Biol. Chem., 152, 119 (1944). 



THE SUCCESSFUL TREATMENT OF VITAMIN M 
DEFICIENCY IN THE MONICEY WITH HIGHLY 
PURIFIED LACTOBACILLUS CASEI FACTOR* 

Sirs: 

In 1935 it was reported that monkeys which were ^ven a diet consisting 
of refined foodstuffs developed a syndrome characterized by anemia, 
leucopenia, necrosis of the gums, and diarrhea.^ It Avas suggested in 1938 
that the deficiency of an unknown substance, for which the term “vitamin 
was proposed,^ was responsible. The subject has recently been re- 
viewed.* 

The effectiveness of a highly purified preparation of the Lactobacillus 
caset factor* has now been tested in three monkeys rendered cytopenic by 
the deficient diet (No. 600).® Intramuscular injection of 4 or 4.5 mg. of 
this substance per monkey over a period of a few days results in prompt and 
complete refnission, Avith return of the total Avhite blood cell and granulocyte 
counts to normal levels. Even though the monkeys were only moderately 
anemic, the treatment was foUoAved by crises of 109 and 78 (nonnal range 
2 to 3) reticulocytes per 1000 red blood cells on the 4th day. The eiythro- 
cytes more sloAvly returned to nonnal levels. The third monkey (No. 131) 
showed a similar response. 

Monkey 145 was very ill when treatment was started. In addition to the 
cytopenia it showed loss of appetite, mild necrosis of the gxims, and a bloody 
diarrhea. The treatment was followed by rapid improvement in clinical 
condition; the appetite promptly returned to normal, the gum necrosis 
cleared, and the stools became normal. 

Hutclnngs et aZ.* found that the preparation used in this study is highly 
active in stimulating the growth of Lactchacillus casei, but only slightly 
effective in stimulating Streptococcus lactis R. We have found that treat- 

* Research paper No, 559, Journal Series, University of Arkansas. Aided by a 
grant from the Kutrition foundation, Inc. 

^ Day, P, li., Langston, W. C., and Shukers, C. F., J. Nuir^, 9, 637 (1935). 

2 Langston, W. G., Darby, W. J., Shukers, C. F., and Pay, P. L., J. Exp, Med., 68, 
923 (1938). 

* Day, P. L., Vitamins and hormones, New York, 2, 71 (1944), 

* Hutchings, B. L., Stokstad, E. L. B., Bohonos, N., and Slobodkin, N. H., Sci^ 
ence, 99, 371 (1944), 

‘‘‘Totter, J. R., Shukers, C. F., Kolson, J., Mims, V., and Day, P. L., Biol, Chem,, 
162, 147 (1944). 
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Response of Cytopcnic Monkeys to Highly Purified Laciohacillus casei Faelor 


ifoakey 
No, 1 

1 

WM 

H 

White 

blood 

cells 

Granu- 

locytes 

Red 

blood 

cells 

Hemo- 

globin 

Reticu- 

locytes 

X. casei /actor injected 



thousands 

thousands 

mt7/(ons ' 

iw. Per 

per mo 




per c.mm. 

peri «*w. 

per c.CTw, 

m tni. 

r.&.c. 


145 

1 

9.05 ; 

2.70 

4.56 

11.2 1 

0 



40 

11.40 

2.96 

4.38 

11.2 

3 



154 

6.15 

3.08 

4.68 


3 



177 

4.10 

0.49 

3.87 

11.2 

2 

1 mg. on 177th, 178th, and 







i 

i79th days 


180 

11.34 

1.26 

2.77 

7.1 

' 24 

0,5 mg. on 192nd, 193rd, 


181 

8.76 

1.97 

2.10 

6.9 

1 109 






1 


' and 194th days 


i 202 

i 9.85 

3.62 

4.78 

! 9.7 

4 



1 233 

i 10.40 

i 4.06 

5,20 

! 11.3 

8 


147 

i 1 

i 13.8 

3.45 

3.53 

8.5 

2 



G9 

U.8 

1.65 

4.71 

11.6 

2 



i 97 

; 5,02 

: 1.90 

1 4,20 

U.O 

6 

1 mg. on lllth, ll2tb, 


: 111 

5.90 

1,95 

4.00 

11 .0 

mm 







HI 

113tb, and 115th days 


! 115 

7.00 

3.29 

4.80 

10.8 




118 

1 11.50 

1 7.59 

f 5.00 





i 121 

I 9.07 

' 4.44 

4.71 

11.0 




jjuwu uuiuiuia luucLvcu wig. u\ uauuluiu uciu uuu * iwji. %»»> — 

daily, and 50 mg. of niacin and 2 mg. of riboflavin threo times a week. 
received in addition a vitamin mixture, the composition of which is given by lot er 
et al.^ (foot-note to Table II}, and 1 gm, of yeast extract (Pi/co) daily. 


menfc of this preparation \Yith the enzyme solution of Jlims et alf greatly 
increased activity toward Streptococcus lactic IL 
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VlTmiN Bfi AND TRiVNSAMINATION ' 


Sirs: 

The structures of pyridoxal and pyridoxamine* and their reversible inter- 
conversion by transamination reactions^ suggested their possible participa- 
tion in biological transamination. In pursuing this hypothesis, the 
following experiments were carried out. 


Tissue txamintd 

1 

Incubation 
time ' 

Group A* vitamin B#- 
deficient ration* j 

1 

Group B, vitamin Bi' 
deficient ration + 
pyridoxine (3 7 per 
g®) 1 

Group C. Purina 
fox chow 


No. of 1 
animals 

Percent i 
trans- 

aminationt, 

Ho. of ^ 
animals 

Per cent 
tran^ 
amination 

1 No. oi 
animals 

Per cent 
txanfr; 
amination 

Liver ' 

m{n. 

5 

4 

i 

25.8 


35.4 

4 

36.6 


15 

4 

42.7 


62.4 

4 

58.9 

Heart 

5 

4 

31.5 


59.1 

4 

53.3 

1 

15 

4 

47.4 


70.4 

1 3 

67.9 

Kidney 

5 

2 

16.1 


37,7 

2 

31.9 

1 


15 

2 

31.0 


57.5 

3 

, 49.7 

Brain 

15 

1 

' 41.3 

' 1 

68.6 

3 

i 59.8 


* The ration of Conger and Elvehjem (/. Biol. Chem.j 138, 555 (1941)) was used. 
Animals of Groups A, B, and C averaged 134, 284, and 307 gm. in weight, respectively. 

t Each reaction vessel contained 60 mg. of tissue homogenate in 3.0 ml. of 0.1 m 
phosphate buffer, 1.0 ml. of 0.06 m glutamic acid, and 0.3 ml. of 0.12 m oxalacetic 
acid. Final volume, 4.3 ml.; pH 7.4; T 38°. The reaction reaches equilibrium at 
about 75 per cent transamination. The figures given are averages of separate 
samples from four animals. Although there was some variation, there was no 
overlapping of values between the vitamin Bj-deficient and suflScient groups. With 
liver tissues, for example, the maximum variations in per cent transamination for 
samples from the four animals after 15 minutes incubation time were as follows: 
Group A, 48.3 to 37.4; Group B, 70.3 to 53.9; Group C, 63.5 to 56.7. 

Four separate concentrates of transaminase from pig heart prepared by 
Cohen’s procedure^ were assayed for total vitamin Be by the yeast growth 
method.* They contained 12.7, 8.6, 13.3, and 11.5 7 of vitamin Be per gm. 
of protdn, expressed as pyridoxine. 

Tissues from control and vitamin Be-deficient rats were examined for their 
ability to catalyze the reaction, glutamic acid + oxalacetic acid a- 

^ Snell, E. E., J. Biol. Chem., 164, 313 (1944). 

* Snell, E, E., J. Am. Chem. Soc.^ in press. 

» Cohen, P. P., /. Biol. Chem., 136, 565 (1940). 

< Atkin, L., Schultz, A. S., Williams, W. L., and Frey, C. N., Jnd. and Eng. Chem., 
Anal. Ed., 16, 141 (1943). 
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ketoglutaric acid + aspartic acid. Experimental procedures of Cohen* 
were followed. Results (see the table) show a consistent and marked de- 
crease in the ability of tissues from vitamin Bg-deficient rats to catalyze 
this reaction. Corresponding results were later obtained with a second 
series of animals. 

Attempts to increase the rate of transamination by additions of 
pyridoxine, pyridoxamine, and p 3 nridoxal with or without adenosine tri- 
phosphate to homogenized rat liver from deficient animals gave variable 
results. Activations ranging from 10 to 50 per cent were obtained in six 
instances ; no activation was observed in three experiments. In the success- 
ful e.xperiments, pyridoxal was superior to pyridoxamine as activator, while 
pyridoxine showed no effect. Addition of adenosine triphosphate was 
essential for activation.® The amoimts of activators required were con- 
siderably higher than those which occur in normal liver tissue. 

These results indicate that vitamin Bg promotes « biological trans- 
amination in some manner. Whether it functions directly as co- 
transaminase, as may reasonably be postulated, or by a more indirect route 
remains to be determined. 

University of Texas, the 31. D , Anderson Hospital for F. Schlenk 
^ Cancer Research, Hoiiston, and the Clayton Foundation EsiioND E. 
for Research, Biochemical Institute, Aus.tin 
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* Cohen, P, P., and Hekhuia, L., BioL Chcm., 140, 711 (1941). 

• Gunsalus, I, C., Bellamy, W. D., and TJmbreit, W. W., BioU Ckem., Iw, 
(1944). 



THE INHIBITION OF ARGINASE BY AMINO ACIDS* 

By ANDREW HUNTER and CLARENCE E. DOWNS 

{From the Department of Pathological Chemistry ^ University of Toronto, 
Toronto, Canada) 

(Received for publication, July 24, 1944) 

lu the course of an attempt to develop a rapid method for the enzymatic 
determination of arginine it was observed that a quantity of arginase, which 
would hydrolyze 31 mg. of pure arginine in less than 1 hour, took much 
longer to achieve the same performance within a protein hydrolysate, 4 
hours in the case of arachin, 5 in that of gelatin, and even more in that of 
casein. The obvious inference was that the action of arginase is inhibited 
by at least some, and possibly by all, amino acids. The powerful inhibit- 
ing effect of ornithuu:^ first observed by Gross (1) and since confirmed by 
others (2~5), would of course come into play even with pure arginine. 
Cysteiiie, which has been the object of many studies (6'-20), appears under 
some conditions to inhibit, but under others to activate. To the influence 
of other amino acids upon arginase activity we have found onlj" two refer- 
ences. Edlbacher and Zeller (2) showed that ghjcinej alanine y and lysine 
were all inhibitors, the first two relatively feeble, the last nearly as effective 
as ornithine; and Kitagawa (21), in a paper to which we have not had access, 
is reported to have observed inhibition by canaline and by several other 
amino acids, the most active of which was dl-a-aminovaUric add. Consider- 
ing the paucity of available information upon the subject, we have thought 
it worth while to investigate quantitatively the effect upon arginase activity 
of a fairly large series of amino acids and of some amino acid derivatives. 
The results have proved to be not only of practical, but also of considerable 
theoretical interest. 


Materials 

Pure hydrochloride was obtained from the commercial 

product by conversion into, and recovery from, the fiavianate. 

l{‘\’yOrnithine and were used as their monohydrochlorides. 

The first was prepared by the enzymatic method from gelatin (22) ; it con- 
tained 16.54 per cent N (theory 16.62) and is believed to have been optically 
pure(H„ = +11.0° in 5.5 per cent solution). The second was a commercial 
product recrystallized once by addition of alcohol (23); it contained 15.2 

* A preliminary account of this work has appeared in abstract in the Proceedings 
of the Toronto Biochemical and Biophysical Society (Canad. Chem. and Process Inds.j 
28,242 (1942)), 
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per cent N (theory 15.34) and gave [ajo = + 9 . 6 ® in 10 per cent solution. 
A 3.33 per cent solution containing one additional equivalent of HCl gave 
for the dihydrochloride (4 per cent concentration) (aU == +15.8®. Pre- 
viously reported values, for concentrations of lysine dihydrochloride be- 
tween 2 and 18 per cent, vary from +14.0® to +16.7® (24-27). The 
rotation of the monosalt does not appear to have been measured before. 

f-iftsitdwie was prepared from, its dihydrochlovide (28) by precipitation 
as the diflavianate (29), solution of the latter in dilute ammonia, removal 
of the flavianic acid mth baryta and of excess baryta with Ht>S 04 , decolori- 
zation with norit, evaporation, and crystallization of the free base from 50 
per cent alcohol. The product had la]o = —40.1® (c = 4.4). 

d-Leudne (30), fomyUl{-{-yvaliney and fonnyl'dl-valine (31) were syn- 
thetic products, for which we are indebted to Dr. H. 0. L. Fischer of the 
Department of Chemistry. dl-Valine was prepared from its formyl deriva- 
tive by hydrolysis with HjSOi. dl-Serine (from human hair) was furnished 
by Dr. J. M. R. Beveridge of the Banting and Best Department of Medical 
Research. li+yCarhamylargininey l-argininic add, and l{-\-)-ciirullino 
were prepared from arginine, the first according to Boon and Robson (32), 
“le second according to Felix and Schneider ( 33 ), the third by the procedure 
E Gomall and Hunter (34). Z(+)-a-Cor 6 aw 2 /foni 2 ftoie was obtained from 
irbamylarginine by the action of arginase (35). f(+)-Prohne was pre- 
ared from gelatin by the method of Bergmann (36), from 

isein by the method of Cole (37), and carhamyl'-ldeudne from Meucine by 
le action of KCNO (38). 

All the other substances studied were of commercial origin. When neces- 
sary (on account, for instance, of contamination with ammonia), they were 
purified by adequate recrystallization. 

Important amino acids oimtted from present consideration are tyrosine^ 
cystine, and glutamic acid* The first two could not, on account of their low 
solubility, be applied in sufficient concentration to give measurable effects^ 
The other gave anomalous and irregular results, for which we cannot a 
present account. 


Method 

As a practical method of measuring the effect of an amino acid upon 
ginase activity we determined the apparent (or effective) 
an arginase solution acting on arginine in the presence of the amino aci ; 
compared this with the actual (or total) concentration as 
action upon arginine alone. The arginase solution was ^ jq 

vated by cobalt, centrifuged, and adjusted to a concentration f 
and 15 units per ml. The methods used in preparing this solutio 
measuring ar^nase activity have been described in a recent pap 
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but in order to make the procedure perfectly clear we give here the details 
of a typical experiment ivith ornithine as inhibitor. 

Into each of five Van Slykc-Cullen urea tubes were measured 2 ml. of a 
1.875 per cent solution of arginine hydrochloride in phosphate-phenol- 
sulfonate buffer solution, pH 8.4. To the first three were added re- 
spectively 5.0, 2.5, and 1.25 ml. of a 0.600 per cent ornithine monohydro- 
chloride solution, followed by 0.0, 2.5, and 3.75 ml. of water. To the 
fourth were added 5.0 and to the fifth (serving as a blank control) 6.0 ml. 
of water. The first four tubes were set in a water bath at 37° along with 
a test-tube containing some of the prepared arginase solution. When all 
had reached the temperature of the bath, 1 ml. of the arginase was added 
seriatim to each of the tubes, and allowed to act for exactly 30 minutes. 
The action having then been terminated by acidification and boiling, each 
tube (together with the control) was neutralized and treated with 1 ml. 
of urease solution. The determination of urea produced was then com- 
pleted in the usual way. 

The results of this experiment are showm in Table I. In Table I the 
amount of the inhibitor, ornithine, is expressed on the one hand in terms 
of molar concentration (Column 3), on the other (Column 4) as the number 
of molecules, symbolized as n, per molecule of arginine. In Column 6 
the urea values found are translated, by reference to the standard curve 
(see Fig. 1) of Hunter and Downs (39), into arginase concentrations, actual 
or apparent. Taking these to represent relative arginase acthdties, we 
then, in Column 7, express the acti\dty manifested in the presence of each 
concentration of inhibitor as a fraction of the activity found (Tube 4) 
in its absence. Fractions so obtained and so defined we have designated 
“fractional activities,” here symbolized as a. The calculation of frac- 
tional activities enables one to compare on a single basis the results of 
experiments ^vith different absolute quantities of arginase. “Fractional 
inhibition” may be similarly calculated as 1 — a. 

In the above experiment, conducted under the conditions which we have 
prescribed (39) for the routine determination of arginase, the final concen- 
tration of arginine was 0.0223 m. In the course of our inquiry' occasion 
arose to study the inhibiting effect of some amino acids at other, higher 
arginine concentrations, those chosen being 0.0297, 0.0445, 0.066/, and 
0.089 M. With these we used the same general method, modifying the 
details in the following t^vo respects. (1) The concentration of the 
arginine-in-buffer solution w’as raised from 1.875 per cent to 2.5, 3.75, 
5.625, and 7.5 per cent respectively. (2) For each new concentration 
we constructed its own individual reference curve. These special cun^es 
were prepared in exactly the same \vay as the original standard curve 
(39), only the arginine concentration being altered. It hardly seems 
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necessary to present all four of them; but that for 0.089 M arginine is re- 
produced in Fig. 1, where it is properly adjusted to the scale of standard 
units. With each of the others, since relative values only were required, 
we were content to use an arbitraiy or accidental scale. Table II shows the 
results of one experiment (again with ornithine) at each of the higher 
arginine concentrations. 


Tablt: I 

Inhibitory Action of Ornithine 


Arginine hydrochloride, 1.S75 per cent in biiiTer solution, 2 ml.; ornithine hydro- 
chloride, 0.6 per cent in water; arginase solution, 1 ml.; total volume of each mixtuie, 
8 ml.; final concentration of arginine, 0.0223 yi. 


1 

1 Ornithine HCl 

1 

n = ! 

Urea N 
found 

Arginase 

correspond- 

ing 

Fractional 

I 

Fractional 
inhibition 
= 1-0 

Tube No. 

Volume 
of solution 
added 

Final 

concentra* 

tion 

ornithine 

arginine 

activity 

= <X 


ml. 

^r 



units per ml. 



1 

5.0 

0.0223 

1-0 

1.356 

4.0 ! 

0.34 

0.6G 

2 

2.5 

0.0111 

0.5 

1.832 

6.0 

0.51 

0.49 

3 

, 1.25 

1 0.00556 

0.25 

2.210 

8.1 

0.69 

0.31 

4 

0.0 

0.0 

j 0.0 

2.742 

11.7 

1.00 

0.0 



Fig. 1. Reference curves for measurement of arginase activity. Curve 1 
scale, left) is the standard curve for an arginine concentration of 0.0223 M- 
(urea scale, right) is a special curve for 0.089 m arginine. 

Our method of assessing fractional activities is convenient in operation^ 
and its results are reproducible; but it must be allowed that it is open o 
least one objection. Fractional activity, in the meaning here assize 
that term, would be most correctly defined and measured 
where Vo is the initial velocity of the reaction in the absence of the in n 
and V the reduced velocity in its presence. With the indirect me 
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have employed a will be identical with v/vq only if the presence of the in- 
hibitor does not affect the form of the time-action curve. This is not 
strictly the case. Our reported values of a, together with all calculated 
values derived from them, are accordingly subject to revision. Revision 
in the sense indicated could hardly affect the general picture presented, 
or the main conclusions suggested, by our results; but in the application to 
these of the concepts of enzyme kinetics it may at some points be necessary 
to exercise a certain reserve. 


Table II 

Inhibition by Ornithine at Various Arginine Concentrations 


Each mixture contained, in a total volume of 8 ml., 2 ml. of arginine buffer solution 
and 1 ml. of arginase. 


Concentration of 
arginine HCl 

Ornithine HCi 

n 

UreaN 

found 

Arginase 

correspond- 

ing 

a 

Initial 

Final 

Initial 

concentra- 

tion 

Volume 

added 

Final 

concentra- 

tion 

per cent 

M 

per cent 

ml. 

Af 


mg. 

units per ml. 


2.5 

0.0297 


5.0 

0.0297 

1.0 

1.73 

5.2 

0.33 




2.5 

0.0149 



7.9 

0.50 




0.0 



3.515 

15.7* 

1,00 

3.75 

0.0445 


5.0 

0.0445 

1.0 

1.65 

4.4 

0.30 




2.5 

0.0223 


2.327 

6.8 

0.46 




1.25 

0.0111 

0.25 


9.4 

; 0.63 




0.0 



3.877 

14.8* 


5.625 

0.0667 


1 5.0 

0.0667 

1.0 

1.659 

5. 1 

0,29 




2.5 

0.0334 


2.432 

8.1 

0.46 




0.0 ! 



4.401 

17.6* 


7.5 

0.0 S 9 


5.0 

0.0 S 9 

1.0 

1.475 

3.9 

BES 




2.5 

0.0445 


2.142 






5.0 

0.0223 

0.25 

2.747 

mSSm 





2.5 

0.0111 

0.125 

3.268 






0.0 



4.106 

13.3 t 

■flliil 


* Arbitrary units, differing for each arginine concentration, 
t Standard units. 


Theoretical 

In describing the method, we have recorded a few of our experimental 
results. Before presenting the others, it will be convenient to re\aew cer- 
tain theoretical considerations which bear upon their interpretation. In 
this review we shall ignore the difficulty just mentioned, and shall use a 
as synonymous with v/vo. S and I will be employed to designate molar 
eoncentrations of substrate and inhibitor respectively. 

In the case of a non-competitive inhibitor, fractional activity (a) and 
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fractional inliibition (1 — a) are independent of S, and, for any given physi- 
cal environment, vary only with I. The exact relation between I and a 
will depend upon the mechanism of the inhibition. In the case in which 1 
molecule of inhibitor inactivates 1 molecule of enzyme by combining wiihit 
reversibly at a different point from the substrate, the relation will be ex- 
pressed (approximately) by the equation 




a 


1 — a 


= C 


( 1 ) 


in which C is a constant, characteristic of the particular inliibitor under 
consideration and identifiable as the dissociation constant of the enzyme- 
inhibitor complex. Equation 1 is the equivalent of Straus and Goldstein’s 
(40) Equation 2A, and, like it, may be derived from Equation 2 of Easson 
and Stedman (41) under the simplifying assumption (usually justified) 
that only a negligible fraction of tlie total inhibitor present is actually com- 
bined with the enzyme. So long as this equation holds, S and I alike may 
be varied without affecting C. A graph of C (ordinates) against S (abscis- 
sae) utII therefore be a liorizontal st might line. 

For the case of a purely coinpetUivc inhibitor, let be the dissociation 
constant of the enzyme-substrate, and Kt that of the enzyme-inhibitor 
complex. Then, according to Michaelis and I\ lenten (42), 

KAS + K.) (^ - 1 

Putting 1/a for Vo/v and rearranging, we get 



= iC. + ^.s 

1 — a Kt 


(2) 


If, now, the right-hand expression is symbolized by C, we get again Equa- 
tion 1, I-a/{l — a) = C. Both forms of inhibition, therefore, show the 
same formal relation between a, (7, and inhibitor concentration. The i - 
ference between them lies in the significance and behavior of 6*. With t le 
non-competitive inhibitor of the type under consideration, C is a true 
constant, independent of both variables, I and S. With the competi ivc 
inhibitor, 


--I- 


( 3 ) 


and its magnitude depends therefore not only upon two 
and Ki, but also upon a variable, jS. Only for a given substrate cone 
tion Nvill i.e. C, remain constant. When 5 J ^aned C 

vary in the same dbection. The graph of their relationship, as q 
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3 makes evident, will be a straight line, not horizontal as with a non- 
competitive inhibitor, but sloping upward fi*om the axis of S. 

With both types of inhibition it is evident, from Equation 1, that C is 
identical numerically with that concentration of inhibitor by which the 
activity of the enzyme is reduced to one-half. The effectiveness of an 
inliibitor, whether competitive or not, is therefore inversely proportional 
to its C value, or directly proportional to l/C, Of course, ^vhen competi- 
tive inhibition is concerned, effectiveness, thus judged, will vary with S. 

Equation 1 can be transfoimed into 


which enables one, in any case where C is known, to calculate fractional 
activity at any concentration of inhibitor. 

In the case of a competitive inliibitor, the experimental deteimination of 
C (from observed values of a and I) at two different substrate concentra- 
tions should enable one to estimate at once both Ks and /v,. For, if Ci 
and C 2 are the values found for C at the substrate concentrations Si and S 2 
respectively, then (by Equation 3) Ci = 4- - Si and C 2 = Ki -h 

{KJKt) 'Sz. Solving these simultaneous equations for Ks and we get 


K. - 

Ki = 


C.Sz - CzS i 
Cz — Cl 

CxSz — CzSi 
Sz - Si 


(5) 

( 6 ) 


Theoretically, then, Ks and Kx can be obtained by making just two 
measurements of a, and hence of C, one at each of two different substrate 
concentrations and in the presence of an^^ convenient concentration of in- 
hibitor. From these measurements the dissociation constants would be 
calculated by Equations 5 and 6. In practice singly determined values of C 
will usually be subject to considerable error; and to obtain reasonably ac- 
curate results it may be necessary to make numerous observations at 
various concentrations both of substrate and of inhibitor. Under these 
circumstances the algebraic method of computing the constants is less 
convenient than a graphical one, of the kind employed b^’’ Lineweaver and 
Burk (43). Found values of C are plotted as ordinates against the known 
values as abscissae. The straight line best fitting the experimental points 
will then represent Equation 3. Its intercept on the C axis will therefore 
be /v „ while its slope will be A\//C. Intercept divided by slope will give 
Ks. Alternatively — may be found as the intercept of the line on the S 
axis; for when C is zero, Equation 3 becomes S = — 7v,. 
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Results 


In the presentation and discussion of our results we employ the symbols 
Ay 0, and LY to represent respectively molar concentrations of arginine, 
ornithine, and lysine. Experimental values of a. are used to calculate C 
by Equation 1. The C values specific to ornithine and lysine are symbol- 
ized as Co and Ciy, while Ka, Koj and Kiy designate the dissociation or 
Michaelis constants of the compounds formed by arginase with arginine, 
ornithine, and lysine respectively. 

Inhibition hrj Ornithine — With this amino acid we made experiments at 
all five of the different concentrations of arginine already specified, while 
the concentration of the ornithine itself was varied from 0.178 m to 0.00139 
M. At the lowest arginine level (0.0223 m) the molecular ratio of ornithine 
to arginine ranged from 8 to 1/lG, at the highest (0.089 m) from 1 to 1/16. 
In Tables I and II we have already given complete protocols of several 
of these experiments. In Table III we present in summary form the results 
of all. 

Inspection of these results shows that at any one concentration of 
arginine (A = 0.0223 excepted) they are in satisfactory conformity with 
Equation 1, a varying with the ornithine concentration in such a manner 
that Co remains substantially constant. In the exceptional instance €o 
increases significantly as the ornithine concentration falls. Examples of a 
similar trend appear also among the results for lysine, leucine, etc. (Tables 
IV and V). Concerning its possible import we have no unambiguous evi- 
dence. For the present, therefore, we propose to ignore it, and to treat 
Co at A = 0.0223 provisionally as a constant. Its most probable value 
we have taken as the mean (0.0121) of all values found at ornithine con- 
centrations between 0.0S9 and 0.0027S u, 

Wlien the arginine concentration is varied, Co no longer remains constant, 
but varies in the same direction. The relation between the two variables 
is shown graphically in Fig. 2. Here we have entered as separate points 
only the mean value of Co at each concentration of arginine, but for eac 
such mean have indicated the number of individual values included an ^ 
range within which they varied. All of the points lie near a straight me 
inclined at a considerable angle to the axis of A. This behavior, it has een 
shown, is that to be expected of a competitive iniiibitor. The line ra^ 
was fitted to the collective data by the method of least squaies, am 
represented by the equation Co = 0.00411 + 0.355 A. This ^ , ^ 
the value 0.0041, while Ka is 0,0041/0.355 - 0.0116 (with 95 per cent i 


cial limits 0.0101 to 0.0131). Tiumerous 

InliMion by Lysine-^-lihe experiments with lysine v ere not 
as those with ornithine, but were conducted on the same plan. 
are summarized in TalAe IV. They indicate for lysine an nilnbitoo 



Table III 


Inhibiiion of Oniithine at Various Concentrations of Arginine 
H « molar concentration of arginine; 0 = molar concentration of ornithine. The 
number of observations made at each value of 0 is given in parentheses. 


A 

0 

o 

c 

0 

Range 

Alcan 

Mean for 
given 0 

Grand mean 
for given A 

0.0223 

0.17S (2) 


0.056* 

(0.0102) 

0.0121 


0.0S9 (2) 


o.u* 

0.0104 



0.0445 (7) 

0.19-0.21 


O.OIU 



0.0223 (10) 

0.33-0.36 

BiH 

0.0117 



O.OIU (14) 

0.51-0.55 





0.00556 (7) 

0.69-0.71 

BHI 




0.00278 (2) 


B^fl 

0,0136 



0.00139 (2) 

0.90-0.91 

B19 

(0,0132) 


0.0297 

0.0297 (3) 

0.32-0.33 


0.0145 

0.0149 


0.0148 (4) 

0.50-0.51 

0.503 




0.0074 (1) 1 


0.6S 

0.0157 


0.0445 

0.0445 (2) 


0.30* 

0.0191 

0.0190 


0.0223 (4) 

0.45-0.46 

0.458 

0.0188 

i 


0.0111 (2) 

0.63-0.64 

0.635 

0.0193 


0.0667 

0.0667 (1) i 


0.29 


0,0277 


0.0334 (1) 


0.46 




0.0167 (3) 

0.G2-O.63 

0.622 


i 


0.00834 (2) 





0.0S9 

0.0S9 (4) 

0.29-0.30 

0.292 


j 0.035S 


0.0445 (3) 1 

0.45-0. 46 

0.453 




0.0223 (5) ' 

0.60-0.63 

0.612 




O.OIU (7) 1 

0.75-0.77 





0.00S56 (2) 

0.86-0.87 





* Individual values of a identical. 



Fig. 2. Relation of C to arginine concentration (.*i) for the ^ forms 
acids. Dots or circles represent mean values of C. For ornithine and lysme e 
number of observed values included in each mean is given, and their range is lO i 
cated by a vertical line. 
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at least 0.0 times as great as that of ornithine, O.G being the minhnum value 
of the ratio at any given A, With this quantitative difference the 

action of lysine confoxms in practically every respect to the pattern set by 
ornithine. In particular the C values, plotted against A, lie on, or suf- 
ficiently near to, a straight line \yith a considerable upward slope. Lysine 
is therefore a competitive inhibitor. The line fitted to the data by least 

Table IV 

/n/iibin*07i by Lysine at Various Concentrations of Arginine 


A = molar conceatration of arginine; LY molar concentration of lysine. The 
number of observations at each value of LY is given in parentheses. 




a 


i 

-hj 


LY 






Range 

Mean 

)fean for 
given LY 

Grand mean 
for given 


0.0223 ! 

0.178 (1) 


0.0S4 

(0.0163) 

0.0187 


0.089 (X) 


0.16 

0.0170 



0.0445 (5) 

0.2S-0.30 

0.290 

0.0182 



0.0223 (7) 

0.45-0.47 

0.454 

0.0185 



0.0111 (4) 

0.63-0.65 

0.63S 

0.0196 



0.00556 (3) 


0.7S* 

0.0197 


1 

0.0027S (2) 


0.87* 

O.OISG 



0.00139 (2j ! 


0.93‘ 

(O.OlSo) 


0.0297 

0.0594 (1) 


0.2S 

0.023 

0.0230 


0.0297 (1) 


0.43 

0.022 



0.044S (1) 


0.62 

1 0.024 


0.0445 

0.0S9 (1) 

! 1 

0.2G 

0.031 

0.0312 


i 0.0445 (1) 

! 

0.40 

0.030 



0.0223 (1) 


0.59 

0.032 



1 O.OIll (1) 


' 0.74 

0.032 

0.0450 

0.0667 

0.134 (1) 

1 

'0.25 

0.015 


0.0687 (1) 

i 

0.40 

0.044 



0.0334 (1) 

1 

0.5S 

0.046 


I 

0.089 

0.0107 (1) 

0.089 (G) 

0.39-0.40 

0.73 

0.393 

0.015 

0.0576 

0.0597 


0.0445 (6) 

0.56-0.59 i 

0.572 

0.0594 



0.0223 (8) 

0.73-0.74 1 

0.734 , 

0.0615 

- 


♦ Individual values of a ideulicaK 


squares, and drawn through the lysine points in Fig. 2, has the equa ion 
Ciy = 0.00476 + 0.6164. From this equation it would 
= 0.0048 while Ka = 0.0077 (with 95 per cent fiducial limits 0. 
0.00836). The difference between this value for Ka nnd that m 
by the ornithine experiments will be commented upon in the ^ 

Inhibition by Leucine, Isoleiicine, Valine, Norvalinc, and j 

Act'd— With amino acids other than ornithine and lysine we cai 
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experiments at not more than two concentrations of arginine (0.0223 and 
0.089 m), in some cases only at one (0.0223 m). In Table V we present first 
the results obtained with two structurally isomeric leucines, two valines, 
and a-aminobutyric acid. All five, it will be seen, are highly active in- 
hibitors, exerting effects which in some cases and under some conditions 
are not inferior to those of ornithine or lysine. All, however, differ from 

Table V 


Inhibilion by Leucine^ Isoleucine, Valine, Norvaline, and a-Aminobutyric Acid 
A = molar concentration of arginine; I = molar concentration of inhibiting 
amino acid. 


Inhibitor 

/ 

■ 

IH 

= 0.0223 




= O.OS9 


1 



-o M 

O a 
o 
o'2 
. *3 

O > 

Z 

1 _ 

1 _ 

Range 

Mean 

Mean 

Jor 

given/ 

Grand 

mean 

for 

given A 

Range 

Mean 

hlean 

for 

given I 

Grand 

mean 

for 

given A 

f(— )-Leu- 

0,089 

3 





2 


0.36 


0.0532 

cine 

0.0445 

6 

0.49-0.51 

fiwSB 



4 


0.55 




0.0223 

7 

0.67-0.71 

0.687 

qQffl 


1 


0.71 



dl-Leucine 

0.089 

il 

0.53-0.55 



ifimiKa 







0.0445 

D 


0.713 

qRil 








0.0223 

3 

0.82-0.84 

0.830 








df-Isoleu- 

0.089 

2 

0.22-0.24 



fqi>y4ij*i 

2 


^ 1 

rixi^ 

0.0359 

cine 

0.0445 

4 

0.38-0.43 

0.397 

q^^ 


4 






0.0178 

Q 

0.63-0.67 

nUiMl] 



2 

iiR!Slml 




l(+)-Iso- 

0.089 

H 


0.126 








leucine 

0.0445 



0.234 









0.0223 



0.392 








di-Valiixc 

0.178 

B 


0.274 


[lUlItliH 

5 




0.0812 


0.089 

11 


mmi 



5 






0.0445 

3 


0.613 



5 


0.653 

0.0838 


df-Nor- 

0.089 

3 


0.210 


rmtywiil 

3 



migml 

0.0330 

valine 

0.0445 

3 


0.360 



3 



q^^ 



,0.0178 



0.610 

iKSk 


3 





di-a-Amino- 

0,356 



0.340 

0.183 


2 


0.39 

0.228 1 

0.206 

butyric 

0.178 



0.490 



2 


0.53 

mmm 


acid 







2 



0.189 



the diamino acids in this respect, that to a 4-fold increase of the substrate 
concentration they respond with a relatively small increase of C, For the 
leucines and valines the contrast of behavior thus expressed is exhibited 
graphically in Fig. 2,^ the compass of which is too small to accommodate the 

^ In plotting this figure we have estimated the C values of Z-valine, Z-norvaline, 
and 2'isoleucine as one-half of the mean values found for the corresponding dl forms. 
Justification for this procedure will be ^ven later. 
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data for aminobutyric acid. The figure makes it cleai- that inhibition by the 
amino acids of Table V is of a quite different characiter from that exerted 
by ornithine and lysine. It must then be mainly, if not wholly, non-com- 
petitive. 

If it were purely non-competitive and of the type represented by Equa- 
tion 1, C would in theory remain the same under all variations of inhibitor 
or arginine concentration, and the relevant lines in 2 would be exactly 
horizontal. In congruence with the constancy of C, a would be independent 
of A, and would vary only with the concentration oi inhibitor. The data 
are in approximate conformity with these criteria; y^t they present in- 
consistencies, which are not wholly negligible. Thu^ ojJy is (7 in each 
case significantly higher at A = 0.089 than at A = 0.0223, but (the case 
of aminobut3rric acid excepted) even at constant A it rises as the inhibitor 
concentration falls. These discrepancies, it can be ^hown, are just of the 
kind to be expected when the action of an inhibitor, although predominantly 
non-competitive, is in part also competitive. Such ^ dual action on the 
part of the leucines and valines cannot, however, without further evidence 

havior of C at constant A is inconsistent with the ipter\'ention of a com- 
petitive factor. 

A point well illustrated by Fig. 2 is that, ivhen jnliibitors of different 
types are compared, their relative efficiencies depend upon the substrate 
concentration. Thus at A = 0.02 the most potent inhibitor of arginase is 
the competitive ornithine, the least potent the non-competitive leucme, 
but at A ~ 0.09 ornithine is only half as effective as norvaline and iso 
leucine, while even leucine now surpasses the competitive lysine.^ 

Relation of Inhibiiory Action to Configuration — cf the 
having been used in their racemic forms only, it becainc important to ' 
whether these exerted the same effect as their naturally occurring op ic 
active isomers. As bearing upon this question we report the fo owi 
observations. 

A specially pure sample of d(+)-leucine, of which w^ had 
one experiment, was applied in 0.0445 m concentration and m ® P , « 
of 0.0223 M arginine. The urea N found was 3.105 iPS* ^rithou , an 
mg, wdth the leucme. The difference is within the ^ ^hownto 

that for the case ofd(-f )-leucine inhibitor3’' action upon argmaso is s ^ 
be absent or negligible. This conclusion can probably he ex en 


amino acids of the d series. racemic acid 

If the d-amino acids are inactive, it is to be expect^ ectation 
will have just half the effect of its I component. -^^ucine. 
reaUzed quite exactly in a comparison of l(+y .T;r4-VisoIe«d«^ 
data, to be found in Table V, show that 0.0445 and 0.0^2^ 
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give the same a values as twice the respective concentrations of c?Z-isoleucine. 
The corresponding C values for the first are accordingly just half those for 
the second. If the mean C values depart somewhat from an exact 1:2 
ratio, it is only because the two ranges of a overlap, so that the drift of C 
with isoleucine concentration affects the two means in opposite directions. 

When Z- and dZ-leucine are similarly compared, the result is less nearly 
ideal, for with either a 0.0223 or a 0.0445 m concentration of the first a 
is smaller than with a double concentration of the second. At each pair 
of levels the ratio of C values is about 1:2.3. The divergence from the 
theoretical ratio is, to be sure, not very great; and, in any case, its direction 
is such as to negative any inhibitory action on the part of d-leucine. 

From these observ^ations we conclude that the only amino acids having 
any appreciable inhibitory effect upon arginase are those of the I series, that 
a racemic amino acid exerts half (or nearly half) the effect of its I com- 
ponent, and that, accordingly, the C value of any Z-amino acid may wthout 
serious error be estimated as half the observed C of its racemic form. In 
such an estimate the -effect of the “naturaP' isomer will at least not be exag- 
gerated. 

Inhibition by Other a- Amino Acids and by Some Amino Acid Derivatives — 
Amino acids (or amino acid derivatives) other than those already considered 
were tested less thoroughly. Table VI gives a condensed statement of the 
results obtained at an arginine concentration of 0.0223 m. This statement 
shows only, for each substance named, the range of concentrations employed 
and the C values (range and mean) yielded by the primary data. The 
corresponding values of a, here omitted, may, if desired, be calculated by 
means of Equation 4. It will be seen that among the substances listed one 
only, a-carbamylornithine, has no inhibitory effect whatsoever. On the 
other hand with none, save cysteine, is the effect of more than moderate 
magnitude, and with some (glycine and histidine) it is very slight. It may 
be added that with norleucine, phenylalanine, proline, and citruUine parallel 
experiments at 0.089 m arginine indicated a non-competitive type of inhibi- 
tion. 

That cysteine, which has been the subject of many earlier investigations 
(6-20), should have a strongly inhibitory action was not fully anticipated; 
for at alkaline reactions and especially in an aerobic environment (condi- 
tions which prevailed in our experiment) it has most often been found to be 
an activator of arginase. It would appear, however, that activation is a 
complex phenomenon, requiring the concurrence of certain substances 
commonly present in cmde preparations of arginase. With purified argi- 
nase cysteine is inhibitory at all reactions, even at a pH of 9.5 (7, 13, 14, 
16), Our arginase was at least relatively pure, so that the observed effect 
at pH 8.4 is not irreconcilable vnth previous experience. 
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Miscellamous Ohsei'vatiom — Since arginase is strongly inhibited by orni- 
thine, it is of interest to know how far, if at all, it is affected by the other 
product of its action, urea, ^lost earlier workers have reported either no 
effect (1, 4) or only a slight inhibition (2); but Vovtchenko (3) records 
marked inhibition, apparent!}'’ by 0.55 per cent (0,092 m) urea. Our am. 


Table VI 


Inhibition by Various 4mtno .Icids or .Imino Acid Dcnialius 

The arginine concentration was in all cases 0 0223 M. n signifies the ratio of 
inhibitor to arginine concentration. Inhibitor concentrations are to be calculated 
therefore as / = 0.0223n. The figures in parentheses in the n column indicate the 
number of separate observations. 



rt (range) 

c 

Range 

Mean 

Glycine 

■10-20 (1) 

5.5 -4.5 

5.0 

i(4-)“Alanine 

10- 2.5 (3) 

0.38 -0.37 

0.37 

di-Norleucine 

2- 1 (6) 

0.45 -0.53 

0 49 

^(-f) -Aspartic acid* 

S- 2 (5) 

0.33 -0.35 

0.34 

dt-Serine 

10- 5 (2) 

1.37 -1.28 

1.33 

dZ-Phenylalanine 

•1- I (8) 

0.28 -0.38 

035 

Z ( — ) -Tryptophane 

1 2- 1 (2) j 

0.70 -0.72 

0.71 

Z(— )-Cysteine 

i -i- 1 (3) 

0.035-0.050 

0.043 

dZ-Methionine 

1 It- 2 (2) 

0.90 -0.85 

O.SS 

Z(—) -Histidine 

1 S- 1 (5) 

4.0 -3.5 

3S 

Z(— )-Proline .. . . 

10- 2.5 (3) 

0.30 -0.27 

0.2S 

Z (— ) -Hydro \yproline 

10- 2.5 (3) 

0.67 -0.37 

0.52 

Z(-4)-CitrulIine 

16- -4 (3) 

0.40 -0.55 

0.47 

Z(-f )-a-Carbamyl argini ne . 

2- 0.5 (6) 

0.27 -0.31 

0 29f 

Z(— )-Argininic acid.. . 

S- 2 (3) 

1.0 -1.7 

1.4f 

Z(+)-a-CarbamyIornithine. 

S- 1(4) 


to 

Formyl-Z (4-) -valine* 

10- 2.5 (6) 

0.63 -0.45 

O.'W 

Carbamyl-Z-Ieucine* 

S- 1 (5) 

O.'ti —0.54 

0.49 


* Used in solutions neutralized with NaOH. 

t These are corrected values, in which an allowance has been made for urea p ^ 
duced by arginase from the inhibitor itself (35, 41-47), The corrections, 
they are upon parallel controls containing no arginine, are probably too arg 
the values of C therefore too small. The true values are probably at eas 
as great. 


experience is that in concentrations up to 0.089 m urea has no uen 
all upon the action of arginase. . fo 

Other substances found to be Avithout effect were 
concentrations up to 0.223 M,di-^-amino-?i-butyric x prom 

n-valeric acid (0.445 m), and d^e-amino-^i-caproic acid (0.440 
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these instances it would appear that the a-ainino acids are the only ones 
wliich interfere with the action of arginase. 

A few experiments were made with proteins, the maxinuim concentration 
employed being in each case 2.5 per cent. Casein and gelatin gave definite- 
ly negative results. Serum albumin showed only a slight depressant action, 
possibly not significant. On the other hand 2.5 per cent of Witte’s peptone 
caused a 15 per cent reduction of arginase activity. These results are only 
in partial agreement with those of Klein and Ziese (48), who obtained not 
only a notable inhibiting effect with peptone, but also definite, although 
smaller, effects with albumin and globuhn. A possible source of the dis- 
crepancy is the use by Klein and Ziese of a very crude preparation of argi- 
nase. The effect of peptone is probably to be attributed to relativel 3 ’^ simple 
constituents of polypeptide character or even to free amino acids. 

DISCUSSION 

.fVl though both ornithine and lysine were shown to be competitive in- 
hibitors, experiments with the first yielded for Ka a value (0.0116) 50 per 
cent higher than that (0.0077) found with the second. Since the 95 per 
cent confidence ranges of the two estimates do not overlap, the difference 
may be taken to be statistically significant. The meaning to be attached 
to it is uncertain; but one feasible explanation would be that ornithine (as 
yielding the higher estimate of not only competes with arginine for the 
active group of arginase, but also inhibits that enzyme in a non-competitive 
manner. Such a 2-fold action on the part of ornithine would not be at all 
suiprising; for the corresponding monoamino acid, norvaline, is an in- 
hibitor of the same order of potency as ornithine itself, but in its action non- 
competitive. On the other hand norleucine, coiTesponding to lysine, is only 
feebly inhibitive (see Tables VI and VII). It might therefore actually 
be expected that ornithine would exert both types of inhibition, but that 
lysine would have little, if any, non-competitive action. On the basis 
of these expectations the true value of Ka would be that found in the lysine 
experiments, namely 0.0077. 

Unfortunately the data for ornithine furnish in themselves no con- 
clusive evidence either for or against the hypothesis of a mixed effect. The 
exact value of Ka remains therefore in doubt. Any error in the estimation 
of Ka involves a corresponding error of the same sign in that of Ko or Kiy. 
In these circumstances w^e are unable on the basis of the present e.xperiments 
to assign a precise value to any one of the three dissociation constants. 
All that can be safely deduced from the data is that Ka is of the order 0.01, 
that Ka is probably not greater than 0.004, and that Kiy is unlikely to be 
less than 0.0048. These values, however indefinite, leave no doubt that the 
aflanity of arginase is greater (although not much greater) for ormthine than 
for lysine, and greater for either of these inhibitors than for its substrate. 
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The notable afBnity of lysine for arginase would lead one to expect that 
the corresponding arginine analogue (c-guanido-a-amino-n-caproic acid or 
homoarginine) would likewise possess affinity, and that it would accordingly 
be susceptible to the action of the enzyme. This expectation is realized 
(33, 49), although the rate at which homoarginine is hydrolyzed is relatively 
small. 

The a-monoamino acids, most of which have been shown, and all of which 
may be presumed, to be (exclusively or predominantly) non-competitive 
inhibitors, show a very wide range of effectiveness. It becomes of interest 
to inquire, therefore, what factors of constitution determine their relative 
activities. Among the most likely factors are length and branching of the 


Table VII 


Effect of Length and Branching of Carbon Chain 


Amino acid 

Structure 

Cfor/ 
form* with 
A “0 0223 

1 

c 

Glycine 

CH5(NHi)-COOH 

5.0 

0.2 

Alanine 

CH,-CH(NH2).C00H 

0.37 

2.7 

a-Aminobutyric acid, i 

CH, • CHj ■ CH (NH,) • COOH 

O.OS4 

H.9 

Korvaline 

CH,- CHj- CHj • CH(NHi) • COOH 

0.012S 

78.1 

Norleucine 

CHi • CH, • CHj ■ CHs • CH(NH.) • COOH 

0.25 i 

4.0 

Valine. . . 

CH, . CH ' CHCNH.) • COOH 1 

j 

0.0347 

28.8 


CH, 


67.6 

laoleucine 

CHrCH 2 -CH.CH(NH,)-COOH 

j 

0.014S 


I 

CH, 

1 

21.9 

Leucine. 

i CH, • OH . CH, • CH (NHs) • COOH 

j 

0.0458 


CH, 

_ 




* C values found for dl-amino acids are here halved. 


carbon chain; and data elucidative of their influence are accordingly co 
lected in Table VII. It there appears that in the homologous senes o 
straight chain monoaminomonocarboxylic acids inhibitory activity m 
creases regularly and rapidly from glycine with 2 carbon atoi^ to no^ 
^Yith 5, but suffers a notable diminution, when the chain is 
norleucine, to 6 carbon atoms. For some reason, then, the 
straight chain represents a critical length, at which non^competi 
feience with the action of arginase becomes maximal. is 

ing appears at first sight to be quite irregular; for in the va 
associated with a diminished, in the leucines mth way. 

activity. The facts may, however, be systematized in t e 
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An added methyl group has the same kind of effect, whether it is introduced 
as a branch or at the end of a chain. Thus both 5 -carbon amino acids are 
more actively inhibitory than a-aminobutyric acid, and all three 6 -carbon 
acids less active than nor valine. In either case the magnitude of the specific 
effect increases with the distance between the extra — CH 3 and the — ^NH 2 
group. Norvaline, accordingly, inhibits more strongly than valine, while 
norleucine is less active than leucine, and this again less active than iso- 
leucine. In the last, where — CII3 and — NH 2 arc on adjacent carbons, the 
effect is so small that inhibitory activity falls little below the norvaline 
level. 

Substituent groups other than — CH3 have diverse effects upon inhibitory 
activity. In Table VIII m-) -alanine and various P derivatives thereof 
are arranged in the ordej* of increasing potency as inhibitors. It will be 
seen that the effect of alanine is reduced to one-tenth by imidazole sub- 


Tabll VIII 

lijjject of Substitutions in Methyl Gioup of Alanine 


Ammo acid 

1 Substituting radical 
i 

C for / farm* 
with A =0 0223 

1 

c 

Histidine 

) Imidazole 

3.8 

0.26 

Tryptophane 

1 Indole 

0.71 

1.4 

Serine . 

-OH 

0.67 

1.5 

Alanine 

— H 

0.37 

2.7 

Aspartic acid 

—COOH 

0.34 

2.9 

Phenylalanine 

-i\n. 

0.175 

i 5.7 

a-Aminobutyric acid 

—ciu 

0.084 

! 11.9 

Cysteine 

— SH 

0.043 

23.2 


* C values found for dZ-araino acids arc here halved. 


stitution, halved by indole or — OH, hardly affected by — COOH, doubled 
by — CeHs, doubled again by — CH3, and doubled once more by — SH. 
The weakening influence of — OH is confirmed by a comparison of proline 
(C = 0.28) and hydroxyproline (C = 0.52). 

Substitution in the amino group always reduces inhibitory activity. 
Thus the carbamyl derivative of leucine (C = 0.49) is only about one-tenth, 
the formyl derivative of valine (C = 0.55) only about one-twelfth, as active 
as its parent amino acid. The persistence of some residual activity in these 
instances shows that non-competitive inhibition is not wholly dependent 
upon an intact a-amino group. With regard to competitive inhibition, 
where two amino groups come into play, the situation is not in all respects 
so clear. The complete inertness of a-carbamylornithine, considered by 
itself, would suggest that an unsubstituted a-amino group is here indispen- 
sable; but against this must be set the fact that a-carbamylarginine (and 
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even argininic acid) exerts a measurable effect of inhibition, which, since 
it is associated with susceptibility to the enzyme, is presumably of competi- 
tive type. Less ambiguous are the effects of substitution in a terminal 
^NH 2 . Here the enfeiy of the basic guanyl radical, as in arginine or homo- 
arginine, reduces affinity for the active center of the enzjTnej but the acyl 
group carbamyl abolishes it completely. Citruliine, in contrast with orni- 
thine, is a non-competitive inhibitor, behaving in fact like a moderately 
active monoamino acid. 

It should be noted, in conclusion, that all our experiments were carried 
out at a uniform pH of 8.4, and that at any other pH the various constants, 
which we have attempted to evaluate, might have sensibly different mag- 
nitudes. Data presented by Van Slyke (50) suggest that Ka at pH 9.2 
is about 0.02, On the other hand Damodaran and Narayanan (51) found 
even at pH 9.4 a value (0.0118) identical with that yielded by our ornithine 
' ’periments. 

X) 

e are greatly indebted to Professor D. B. DeLury of the Department of 
Mathematics, University of TorontOy Professor H. O. L, Fischer of the De- 
partment of Chemistry, and Dr. J. M. R. Beveridge of the Banting and Best 
Department of Medical Research. To the first we owe the statistical 
analysis of the data, to each of the others generous gifts of material. 

SUMAIARY 

The action of arginase upon arginine at pH 8.4 is inhibited by all a- 
amino acids of the naturally occurring I configuration, but not by d-a- 
amino acids, amino acids having the amino group in other than the a 
position, urea, or native proteins. 

At any one concentration of arginine the influence of varying concentra- 
tions of inhibiting amino acid can in all cases be expressed by the equation 
/'«/(! “ a) = C, in which I is the concentration of the inhibitor, a is the 
resultant “fractional activity,” and C is, for each amino acid, constant 
(or approximately so) and characteristic. 

With the monoamino acids C is (nearly) independent, not only of t e 
inhibitor concentration but also of the concentration of arginine. Wit 
ornithine and lysine this is not the case. The difference is interprete u 
mean that the monoamino acids are non-competitive inhibitors, 
amino acids competitive. In the first case C is probably to be taken as e 
dissociation constant of a reversible complex involving some point o 
enzyme molecule other than its active center. In the second ^ ^ * 

(K»/Ka)' where Ka is the dissociation constant of 
Ki that of inhibitor-arginase, and A the molar concentration ^ j. 

In some instances one type of inhibition is perhaps combined wi i a 
degree of the other. 
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With any purely competitive inhibitor the determination of C at two 
or more difTerent concentrations of arginine enables one to estimate both 
I\^a and /Ci, Ihe application of this method with ornithine and lysine 
indicated that ICa is about 0.01, while Ki for ornithine is not more than 
0.004 and for lysine not less than 0.0048. 

Of the two competitive inhibitors the more potent is ornithine. Among 
the non-competitive, the degree of inhibitory action exerted depends in 
part upon the length and shape of the carbon chain, in part upon the 
nature and position of any distinctive substituent radicals. Substitution 
in an amino group has in general the effect of reducing inhibitory activity 
or affinity for arginase. 
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THE NATURE OF SOME NEW DIETARY FACTORS REQUIRED 
BY GUINEA PIGS 

By D. W. V/OOLLEY and HERBERT SBRINCE^ 

{Frotn the Laboratories of The Rockefeller Insiiiule for Medical Research, New York) 

(Received for publication, November 2, 1944) 

The recognition of three new dietary essentials required by guinea pigs 
was described from this laboratory in 1942 (1). These factors were sho\vn 
to be necessary in addition to the vitamins recognized at that time, and, for 
lack of more precise terms, were designated GPF-1, GPF-2, and GPF-3. 
Shortly thereafter the existence of these three factors was indicated inde- 
pendently by Sober et al. (2), and the need of guinea pigs for dietary factors 
as yet unidentified was pointed out by Hogan and Hamilton (3), We 
wish now to report the identification of GPF-1 as folic acid, the substitution 
of casein (or arginine, cystine, and glycine) plus cellulose^ for GPF-2, and 
the concentration of GPF-3. Some speculation concerning the relation 
of this last factor to the growth of other organisms will also be presented. 

When attempts were made to isolate GPF-2, difficulty was experienced 
in obtaining the factor in solution. It was then observed that active 
preparations derived from various plant materials were always rich in pro- 
tein and in fiber. When the protein level in the basal diet was increased 
from the original 18 to 30 per cent and fiber was added as cellulose, the need 
for GPF-2 was no longer apparent. The effect of the extra casein was 
duplicated by a mixture of arginine, cystine, and glycine. It has not yet 
been determined whether all three amino acids or only one or two were 
responsible. Similar situations with respect to protein and to the above 
amino acids have been observed in chicks (4) and in rats (5). In the pres- 
ence of 30 per cent casein the omission of cellulose resulted in suboptimal 
rates of growth, but mortality on such a fiber-deficient diet was low. A 
requirement for cellulose has not been encountered previously in laboratory 
animals, although the desirability of roughage in the diet of certain species 
has long been known in animal husbandry. In spite of the fact that the 
cellulose (Cellu flour) used had been purified, it was not certain whether its 
activity was due to cellulose or to some unidentified impurity contained 
therein. However, cellophane, which is prepared by a series of operations 
which tend to eliminate adherent impurities, was active. 

The substitution of purified casein and cellulose for preparations of 
GPF-2 was largely responsible for the identification of GPF-1 and the 

* Fellow of the Nutrition Foundation, Inc. 

^ The cellulose used in this work was in the form of Cellu flour. 
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coacentration of GPF-3, for ifc permitted the use of a basal diet in which all 
constituents were highly purified. This basal diet contained glucose, 
casein, cellulose, inorganic salts, and the known vitamins as ased previously 
(1). On this diet guinea pigs grew poorly and died within 2 to 4 weeks. 
The addition of solubilized liver extract^ (Wilson's fraction L), however, 
produced a ration adequate for good growth for at least 15 weeks. In 
view” of this fact, fractionations of the liver extract u^ere undertaken in 
order to identify the active materials. Separation of t^vo dietary esvsentials, 
GPF-1 and GPP-3, was accomplished. 

GPF-1 was identified as folic acid,^ This was made possible only when it 
was found how to make GPF-3 preparations low in folic acid. In the pres- 
ence of such GPF-3 concentrates, either folic acid concentrates or 
the crystalline material produced good growth. In the absence of the 
^F-3 .preparation folic acid was ineffective. The properties of GPF-1 
viously described (1) ^vere similar to those of folic acid, and since con- 
centrates of GFF-1 were rich in folic acid as measured by the growth of 
Lactobacillus casein it was concluded that GPF-1 and folic acid were 
identical. 

Concentrates of GPF-3 have been made by procedures used in tliis 
laboratory (8) to purify the new grow^th factor, strepogenin, required by 
hemolytic streptococci, and by certain other bacteria (9). The presence 
of GPF-3 in such preparations may be coincidental, but it at least demon- 
strates certain similarities in properties of the bacterial growth factor and 
the new dietary essential. GPF-3 was not readily precipitated by lead 
acetate or adsorbed by norit, and, although it was insoluble in alcohol, it 
dissolved in alcoholic HCl. Mannering et ah (10) have recently observed 
a dietary essential corresponding to GPF-3 in liver fraction L, and have 
noted some of these properties. 


EXPERIMENTAL 


The general procedure in experiments ivith guinea pigs was the same as 
described earlier (1). , , , 

OfUmal Casein Level — ^To determine the optimal level of casein m 
ration the following diet was used; glucose 52 parts, Celiu flour 20 
salts (11) 5 parts, liver fraction L 5 parts, vitamins A, D, E, K, corn oi ( 

1 part, the crystalline vitamins as used previously (1), and casein ( ^ 


^ This fraction was the alcohol -insoluble portion of liver extract 
soluble. Wc wish to thank Dr. David Klein of The Wilson Laboratories 

of this material. which pm- 

« Folic acid is used in this paper to denote the substance or subs . .bribed by 
mote growth of LacCobaciUus casei under conditions similar to tnose at 
Snell and Peterson (0) and Landy and Dicken (7). 
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ntamin-free) IS parts. When the amount of casein was increased, the 
amount of glucose m as deci eased couespondmgly. Fiom the data in Table 
I it can be seen that optimal gro\^ th \\ as obtained when the ration contained 
30 pel cent of casein. 40 per cent as harmful Furthermore, a mixture 


Table I 

Effect of Various Levels of Casein and of Ammo ilcids on Growth and Survival of 

Guinea Pigs 


Casein 

Aiginme 

C> slinc 

j 

Glycine 

No of 
animals 

No of death' ^ 

Average 
change in 
weight 

Per cent 

per cent 

per cent 

1 

per cent 


1 

gm Per J!k 

IS 1 




n 

0 

12 

25 




4 

0 

no 

30 



1 

10 

0 1 

27 

•10 1 




4 

1 

11 

IS 

1.0 

' 0.1 

0.2 

7 

0 

27 


Table II 

Effect of Insoluble Materials on Growth and Survival of Guinea Pigs 


'Materials 

Amount m 
ration 

No of 
ammals 

No of deaths 

Average 
change in 
weight of 
survivors 

Xone 

per cent 

16 

3 

gm per wk 

19 

Cellu flour 

20 

12 

0 

28 

Powdered cellophane 

20 

4 

0 

26 

bihca gel* 

20 ' 

8 ' 

4 

28 

.« « i 

10 1 

4 

1 

10 

Super-Celt 

20 

4 

1 

20 

Powdered asbestbs 

20 

4 

1 

1 14 

Agar 

I 20 

1 4 

1 3 


Xorit 

, 20 

4 

4 



^ The Davison Chemical Corporation, 
t Johns-Manville CorporaUou. 


of arginine, cystine, and glycine produced the same effect as the extra 
casein. 

Effect of Cellulose— In order to study the effects produced by vario^ 
fibious materials the foUomng ration was used: glucose 57 parts, casein 
(Labco vitamin-free) 30 parts, salts, oils, and vitamins as above, and liver 
fraction L 8 parts. The materials to be tested were added to the ration at 
the expense of some of the glucose. Data illustrating the responses for a 
4 week interval are shown m Table 11. Cellulose supplied as Cellu flour 
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or cellophane was the only material that was active. Some of the sub- 
stances were decidedly deleterious. 

Preparation of GPF-8 Concentrate Low in Folic 500 gm. of liver 
fraction L were dissolved in 10 liters of water and the solution was treated 
\vith 625 cc. of 20 per cent lead acetate solution. The precipitate was 
filtered off, "washed with water, and discarded. After the lead was removed 
as PbS, the filtrate was made to pH 3.4 with HCl and stirred with 200 gm. 
of norit A for 1 hour. The norit adsorbate was filtered off, washed \nth 
water, and discarded. The filtrate was concentrated by evaporation, 
neutralized with NaOH, and concentrated further to 500 cc. This prepara- 
tion was called lead acetate-norit filtrate (LAN). When assayed for folic 
acid by the use of Lactohacillus casei (7), it was found to contain 0.45 7 of 
folic acid per gm. of liver fraction L taken, while the liver extract from which 
it was made contained 9 7 per gm. 

Folic Acid Deficiency in Guinea Pigs — In order to study folic acid de- 
ficiency in guinea pigs the following basal ration was used; glucose 37 parts, 
casein (Labco vitamin-free) 30 parts, salts, oils, and vitamins as used above, 
Cellu fiour 20 parts, and the above LAN preparation equivalent to 8 parts 
of liver fraction L. When fed this basal ration young guinea pigs stopped 
grooving usually after about 3 weeks. The weight remained more or less 
stationary for a week or two, and then a precipitous loss ensued, followed 
by death. During the period of weight loss the animals became extremely 
emaciated and lethargic. They would stand quietly in a hunched position 
for considerable periods of time. A few days before death a gentle shove 
frequently would throw the animal on its side. The terminal stage before 
death was nearly always a convulsion in which the animal would fall on 
its side and t\vitch its head and legs spasmodically. Salivation was oc- 
casionally profuse. 

When liver fractioii L replaced the LAN preparation in the above has 
ration, good growth and apparently normal health were maintaine . 
Similarly, when a folic acid concentrate prepared from liver fraction 

( 12 ) was added to the basal ration, the animals remained healthy and grew 
well. Finally, when crystalline folic acid in the form isolated by Sto a 

(13) or that isolated by Pfiffner et al. (14) was added, good growth resu e 
The experiments lasted 4 to 5 weeks. Due to lack of material, anima ^^re 
ceiving the crystalline folic acid preparations were fed only the basa ra 1 ^ 
for the first 2 weeks. The data are summarized in Table IIL 0 ^ 


< Although both forms of crystalline folic acid were active for 
should be noted that they differ quantitatively in activity for lado ac 
and Streptococcus lactis R (13). We wish to thank Dr. E. L. R. p^rte, 

B. L. Hutchings of the Lederle Laboratories, Inc., and Dr. A. D. a* 

Davis and Company for gifts of these materials. 
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these data were presented in a preliminary publication (15), but are in- 
cluded in Table III for the sake of completeness. When folic acid con- 
centrate was added to the basal ration and the LAN preparation was 
omitted, failure of the animals occurred, due to the deficiency of GPF-3. 

Assay Procedure for GPF-3 — In order to test preparations for GPF-3 
actmty the basal ration used to demonstrate folic acid deficiency was 
employed with the following changes. The LAN preparation was replaced 
by an equal weight of glucose and the animals were given 6 7 of folic acid 
per day by pipette. In these experiments the concentrate of folic acid (12) 
rather than the crystalline material was used. On this regime guinea pigs 
grew poorly and survived for approximately 4 weeks. When preparations - 


Table III 

Ejjcct of Folic Acid Preparations on Growth and Survival of Guinea Pigs 


Preparation 

Fohe acid 
intaLe 

No of 
animals 

No of deaths 

1 

Average 
change in 
weight of 
survivors 

None (baaal ration) 

y Per day 

0.5 

■■ 


gm per wk. 

Liver fraction L ^ 

10 



25 

Folic acid concentrate 

13.5 

11 

0 

28 

Cr\"staUine folic acid (Stokatad) 
“ “ (Pfiffner 

6.5 

2 

0 

23 

et at.). 

6.5 

2 

0 

19 

1 


containing GPF-3 were added, growth was quite satisfactory and the 
animals remained in good health throughout the assay period of 5 weeks. 

Concentration of GPF-3 — The LAN preparation described above was as 
active as any obtained thus far. A preparation of about the same potency 
was made by extraction of the finely powdered liver fraction L with 10 vol- 
umes of alcohol to which was added enough concentrated HCl to give a 
final pH of 2.3. The extract was freed of alcohol under reduced pressure, 
neutralized, and assayed. 

The GPF-3 activity of liver fraction L was relatively stable to alkali. 
Thus, when the material was adjusted to pH 10 with NaOH and the solution 
treated with enough additional NaOH to make it 1 N, refluxed for 4 hours, 
and neutralized, the activity still remained. However, some preliminary 
experiments have indicated that the activity of more purified material was 
lost in alkali. Data on the groivth of guinea pigs fed the above concentrates 
are shown in Table IV. 

Effect of Biotin and p-Aminohenzoic Acid — When biotin and p-anuno- 
benzoic acid were added to the basal ration used for the assay of GPF-3, 


/ 
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the survival time of the animals was increased several weeks. Thus of 
thirteen pigs fed 1 r of biotin and 100 y of p-aminobenzoic acid per day, 
all survived for 6 weeks but only five were alive at the end of the 9th Aveek. 
Control animals recei\’iag no biotin and no p-amlnobenzoic acid were all 
dead in 5 weeks. The average change in weight (17 gm, per week) during 
the first wrecks of the experiment was not significantly different in the two 
groups. Nine of ten positive controls ^\’hich received liver fmetion L sur- 
vived for 10 weeks and gained an average of 25 gm, per week. In later as- 
says for GPF-3, therefore, biotin and p-amiuobenzoic ncid were fed. 

Tabz-e IV 


Effect of GEE’S Preparations on Growth and Survi\:al of Guinea Ptgs 


Preparation 

i 

1 Amount in 

1 ration 

1 

1 

1 No. of 

jsTo. of deaths ! 

Average 
chugeia 
wei^nt of 
survivors 

None (basal ration) 

j cent 

12 

U 

xw. ptr 

Xiiver fraction B 

8 

23 

t> 

% 

Lead acetate-norit filtrate i 

^8 

11 i 

0 

28 

Alcoholic HCl e.xtract 


4 

0 

21 

NaOH digest j 

-8 ! 

3 ! 

0 

23 


SUMllABy 

The dietary essential, GPF-2, pre\dously demonstrated to be required 
by guinea pigs, \vas replaceable by a mixture of cellulose and casein or ce u 
lose, arginine, cystine, and glycine. The optimal amount of casein or 
groAvth of guinea pigs fed a highly purified ration was found to be 30 per cen 
of the diet. The dietary essential, GPF-I, was identified with fo 
and the behavior of guinea pigs on a folic acid-deficient ration was esen • 
A highly purified diet for the assay of the unidentified 
GPF-3 was developed. Some improvement in sur^dval time o 
deficient animals was observed when biotin and p-aminobenzoiG aci 
fed. It was showm that GPF-3 \vas not precipitated by lead ace a 
not readily adsorbed by norit, and that while it was insoluble m 
was soluble in alcohol and HCl. It resembled strepogenin, an uni 
grovdh factor required by certain bacteria. 
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PRODUCTION OF NICOTINIC ACID DEFICIENCY WITH 3- 
ACETYLPYRIDINE, THE KETONE ANALOGUE OF 
NICOTINIC ACID 


Bt D. W. WOOLLEY* 

{From the Lahoraiories of The Rockefeller Institute for Medical Research^ Ifeto York} 
(Received for publication, November 16, 1944) 

Since it has been shown during the past two years that diseases with 
signs characteristic of specific vitamin deficiencies may be produced by the 
feeding of certain structural analogues of various vitamins, and that these 
diseases may be cured by adequate doses of the vitamin concerned (1^), 
it has seemed desirable to study the types of structural change which, when 
applied to a vitamin or other metabolite, will result in the formation of 
antagonistic agents. Although the substitution of sulfonic acid or sulfon- 
amide groups for the carboxyl groups of acidic vitamins has given rise to 
compounds (e.g. sulfonilamide (5), thiopanic acid (6, 7), and pyridme-3- 
sulfonic acid (8)) that cause specific vitamin deficiencies of certain micro- 
organisms, this type of change has not been very successful for the forma- 
tion of agents capable of producing vitamin deficiency diseases in animals 
(9). Therefore, attempts have been made to learn what alterations of the 
carboxyl group uill result in the realization of antagonistic analogues which 
are effective in animals. 

Two previous observations led to the finding that 3-acetylpyridine will 
cause nicotinic acid deficiency in animals. In 1938 Woolley et al. (10) 
found that dogs suffering from nicotinic acid deficiency were promptly 
killed by a single dose of 3-acetylpyridine, while normal dogs were un- 
harmed by similar doses of the compound. In 1942 Auhagen (11) reported 
that p-aminoacetophenone was bacteriostatic, and that this action was 
reversed by p-aminobenzoic acid. These facts indicated that the exchange 
of — COCH3 for — COOH might be a general method for the formation of 
inhibitory analogues. The observations in this paper lend support to such 
a suggestion, but more cases will be required to establish this type of struc- 
tural change as one of general applicability. 

3-Acetylpyridine was observed to cause a disease in mice characterized 
by many of the signs seen in nicotinic acid-deficient dogs and humans. 
This disease was very rapid in onset following administration of the drug. 
When sufficient quantities of nicotinic acid or nicotinamide w'ere given, 
the signs of the disease did not appear. This fact indicated that the 
signs resulted from a deficiency of nicotinic acid or nicotinamide in the 

* With the technical assistance of M. L. Collyer. 
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animal It was of interest to note that despite these reactions in the 
animal S-acetylpyridine did not inhibit the growth of microorganisms iu a 
manner subject to specific reversal by nicotinic acid. Auhagen (11) ob- 
served results similar to these with bacteria. 


EXPERIMENTAIi 

3-Acetylpyricline was synthesized according to the directions of Strong 
and McElvain (12). 

Production of Disease of Mice vdth 3-Acetylpyridine — Weanling mice 
(10 to 12 gm.) were caged on screen floors and fed a ration composed of 
sucrose 75 gm., vitamin-free casein (Labco) 18 gm., salts (13) 5 gm., forti- 
^ corn oil (14) I gm., thiamine 0.2 mg., riboflavin 0,5 mg., pyridoxine 
mg., calcium pantothenate 2 mg., choline chloride 100 mg., and inositol 

3 mg. Since mice grew as rapidly on this ration as on the ration plus 
nicotinic acid (15), it was concluded that mice, as do rats, synthesized their 
own supply of nicotinic acid. 3 days after the start of the tests, 3-acetyl- 
pyridine was given orally in single daily doses. 

The signs of the disease which resulted were in some degree dependent on 
the size of the daily dose. When more than 10 mg. per mouse per day were 
given, the animals exhibited rapid respiratory rate, soon followed by loss 
of control of the hind legs, and death within the 1st day. The best sequence 
of events was seen with 2 to 4 mg. doses, for this amount allowed the sigas 
to develop for a number of days before death ensued. Very soon after 
the first dose the animals began to breathe quite rapidly. In a few hours 
difficulties in control of the hind legs were seen. Occasionally an animal 
would stand upright in the manner of a begging dog. Within 2 days almost 
complete paralysis of the hind legs resulted. At about the same time the 
nnce appeared extremely wet and unkempt. Emaciation ivas usual y 
prominent. The skin, first on the chest wall, and then on the sides an 
legs, became very red and inflamed. Fiery red tongues did not 
until the 4th to 7th day, and then they appeared in only about half o & 
animals. It was of interest that these red tongues were never seen 
mals given sufficient drug to cause fatal disease in 1 or 2 days, but a 
relatively long period of onset was necessary for their appear^e. 

Prevention of Disease loith Nicotinic Acid or Nicotinamide^ 
ficient nicotinic acid or nicotinamide was added to the ration, e 
of the disease were prevented, and the mice grew at a rate 
that seen in animals getting no 3-acetylpyridine. It was foun ^ 


r4days 


to feed the rations containing nicotinic acid or nicotinamide for 
before the drug was administered. If this was not done t e a 
Quently had not begun to eat well, and hence were not sumc 
to withstand the effects of the 3-acetylpyridine. Only partial 
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had in attempts to save animals ill from the drug by oral administration of 
relatively large doses of ethyl nicotinate, although this ester was effective 
in prevention of the disease if its use was begun 3 days before the 3-acetyl- 
pyridine was given. Some representative data on the responses of mice 
to 3-ace tylpyridine and to this compound plus nicotinic acid or nicotinamide 
are shown in Table I. AVhenever nicotinic acid was used, enough sodium 
bicarbonate was added to the ration to neutralize the acid. 

Effect of 3-Acctylpyridinc on Microbial Growth — 3-Ace tylpyridine in- 
hibited the growth of Lactobacillits casei cultured in the nicotinic acid-free 

Table I 


Effect of 3-Acetylpyridine and S-Acelylpyridine Plus Nicotinic Acid on Growth and 

Survival of Mice 


J-Acctyl- ^ 
pyridine 

Nicotinic acid 

^ Nicotinamide | 
‘ 1 

Animals ^ 

1 

Deaths 

Average 
change in 
weight 

Su^ival 

time 

mg. per day 

per cent oj 
ralioti 

per cent of 
ration 



gm. per "ivk. 

days 

0 i 

0 ! 

0 

10 

0 

+3.5 

>14 

10 ' 

0 ; 

0 

19 

19 


1 

4 1 

0 1 

0 

24 

21 


3 

2 

0 

0 

4 

1 ' 


4* 

1 i 

0 1 

0 

10 


+1.0 

>9 

10 1 

2.0 ! 

0 

3 


+3.8 

>7 

10 

0.2 

0 

6 

4 


1-3* 

4 1 

2.0 

0 

10 


+3.0 

>14 

4 

0.2 

1 0 

10 


+2.2 

' >14 

4 1 

0 

1 0.5 

i 9 


+1.9 

; 


* Survival time of the animals that died. 

t One of the mice developed redness of the skin, on the ventral surface, and un- 
kempt hair. 


medium of Landy and Dicken (16). Half maximal inhibition of growth 
was produced by 2 mg. of the compound per cc. Small amounts of nico- 
tinic acid did not diminish the inhibition of gro\vth caused by 2 mg. of 
3-acetylpyridine per cc., but as the concentration of nicotinic acid was 
raised above 200 y per cc. the inhibition of gro\vth was reversed, 
the concentration of 3-acetylpyridine was doubled, the quantit 3 ^ of nicotime 
acid necessary for reversal likewise was doubled. However, this antagonis- 
tic action of nicotinic acid was a non-specific one because it was likewise 
produced by acetic acid and because the effect was not produced b\'’ nico- 
tinamide or by sodium nicotinate. 

3-Acetylpyridine was even less active against Saccharomyces cereuisiae^ 
Escherichia coliy Staphylococcus aureus, and Lactobacillus arabinosus than 
against Lactobacillus casei. Xo detectable effect was observed when the 













BLOOD AS A PHl^ICOCHOnCAL SYSTEAI 

XIII, THE DISTRISmOX OF LXCIXTE 

Br R, E, JOHXSOX, H. T. EDWARDS,* D. B. DILL, axo L TT, WILSOX 
{Fro’z i.\e Fctir-^c Lc^rcicry, Lfcr-xi HcU^ Bcrsz^i VrSzir^iij^ Borin) 

(Received for pubUcatioa, Xov ^r^.b ^r 2, 19^ 

For ^ome phvscocheiuical purposes the i^umption su^ces that in the 
blood of men ax res: chloride, bicarbonate, and proreinaie are the only 
Quantiiauvely important anions (9). In exercise the concentration of 
lactate may approach or exceed that of bicarbonate. This fact led us to 
choose for study s>>ttrms containing lactate in concentrations representative 
o: those observet.! after severe muscular exertion, the purposes being, first, 
to see whether lactate reha%'e5 like chloride with changing partial pressures 
of oxygen and of carbon dioxide and, :^econd, to analyse the kinetics of the 
movement of lactate from plasma into red cells. 

Three main conclusions will be developed below. Flist. c»hen plasma 
and cells are in equiiiLrium, lactate can be treated as a ph^'sicocheniical 
component of blood in the sense xised by Henderson (9^. Second, the rate 
of attaining equilibrium hen lactate moves into red cells is slow enough 
to allow analysis of the kinetics of the system, and during the attainment 
of equilibrium the movements of lactate, chloride, and btearbonate are 
related to one another. Third, the rates of transfer of chloride and bicar 
bonate are conditioned by the rate of transfer of lactate. After describing 
ihe analytical methods used, we shall discuss these nndings in order, 

Zlcthcds 

The symbols to be used throughout this paper are those or Henderson 
(9), with the following additions: L 3-3 is the concentration of lactate in 
miliiequivalents per liter of whole blood; L- is the concentration of lactate 
in miliiequivalents t>er liter of red ceils; Lj, is the concentration of lactate 
in miliiequivalents t>er liter of plasma; tt, is the Gibbs-Donnan distribution 
ratio for lactate. (L- X (H;0)p)/(Lp X (H;0)-). 

Lactate was estimated by the method of Edwards (5) ; blood CO2 and O2 
by methods described before (9, 15) ; chloride by the method o: ^ an ilyxe 
and Sendroy (ld>: water by drying to constant weight at 110"; pH with 
the electrode as described by Dili, Daly, and Forces (2) ; cell \ olume 
by the centrifuge method of Hirota (10), in which three readings are taxen 
and the equilibrium value is obtained by extrapolation; and protein by a 
micro-Ixjeldahl method (12). 

The experimental techniques were based on six chiet oonsiueratiuiis, 
(c) L. can be calculated reasonably accurately from L^-a, L;, and T: (Table 

* Died, Deceniber 14, 1937. 
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BtOOD AS A PHYSICOCHEJUcal SYSTEAr. 


xni 

perature or with change in L./L St TT w fr 

to be described below, cooling of^the bloor? f ■' mbdng apparatus 

in not more than 20 'secon'2 ° to 

mixed intimately M-ith cells in not m ® apparatus plasma can be 
cells in not more than 30 seconds, (e) The only 



Sample No. 

! ^trjj 

1. 


tc 

! 1 

1 : 

12 1 

58 1 

1 m.tq. Per /. 

7.00 

11.23 . 

2.13 

1 per 1. 

12.10 j 

H.S7 

2.52 j 

1 -^sufiiatcu Qircctiy 

CalcuUttd 

m.eq, per /, 

2.94 1 

6.76 

1.3S 

1 m.ege perl. 

1 2.94 

7.05 

1.65 


iABLB IX 
mtk Changing Tc uyeralure and LJL, 


Expenracnt 
No. 


5$ 


Blood as drawn 
Added lactate 


59 

63 

67 



in the temperature range 0-39° that mattere forpres- 


i!^ difference in rate of attaining equilibrium, not in the 

nlicmn ^ Same at any temperature (Fig. 1). (f) 

p ^ma and cells are mixed, L„ changes so slowly at 0° (Fig. 1), even nhea 
It IS vepr large m comparison with L„ that it may be regarded as consent 
for periods as long as an hour. 

When lactate was studied in relation to the physicochemical si’stm’ 
hemoglobm, plasma protein, o.xygen, carbon dioxide, hydrogen ion, chloride, 
and bicarbonate, venous blood of high lactate concentration was drawn 
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from subjects who liad just run vigorously to exhaustion. It was heparin- 
ized, equilibrated in tonometers at the desired pCOo and pO^, and analyzed 
by the techniques of Henderson and associates (9). 

When rates of diffusion were studied, venous blood was drawn into 
heparin under oil at about 4°. Plasma was separated bj' centrifuging and 
was dra^vn off under oil, and pure ciystalline i(+)-lactic acid was added 
to it in amounts approximating those found after severe muscular exercise. 



Fig. 1. Kate of diffusion of lactate into cells at various temperatures. Ordinates, 
ratio of lactate concentration in cells and in plasma; abscissae, time after mixing cells 
and plasma. Abscissae at different temperatures adjusted to show similarity of 
curves. Calculated points derived as described in the text. 

The centrifuge tube with its contained cells was jfilled Anth oil, placed in a 
constant temperature bath, and fitted with a rubber stopper carrying three 
glass tubes. The first connected -with a reservoir of mercury so that pres- 
sure could be adjusted in the centrifuge tube by raising or lowering the 
mercury. The second led a stainless steel stirring rod into the cells through 
an air-tight oiled bushing. Stirring was by means of an electric motor 
connected to the stirring rod and run continuously throughout all experi- 
ments. The third hole connected udth a 2-way glass stop-cock, the glass 
tubing of which extended to the bottom of the centrifuge tube. The 
plasma, which had been kept at about 4° during the above manipulations, 
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was now brought to the same temperature as the cells, and the subject's 
blood was reconstituted by sucking the plasma back into the centrifuge 
tube through the 2-way stop-cock under a negative pressure produced by 
lowering the mercury reservoir. At any desired time samples of reconsti- 
tuted blood could be forced under oil out of the 2-way stop-cock into small 
centrifuge tubes surrounded by ice. All subsequent manipulation of te 
samples was at about 0°. Whole blood and hematocrit samples were taken 
at the beginning and end of the experiments. Plasma was obtained by 
centrifuging for 10 minutes at about 4°. 

When the interdependent relations of lactate and chloride at equilibrium 
were under investigation, venous blood was drawn into heparin under oil, 
the cells were centrifuged down at the desired temperature, the plasma ivas 
withdrawn under oil, mixed with the desired amount of a 40 per cent aque- 
ous solution of pure crystalline Z(+)-lactic acid,^ and remixed with the 
cells at the desired temperature, and samples of this reconstituted blood 
were withdrawn after equilibrium w'as established. Stirring was manual 
and intennittent. 


Results 

Lactate As Component of Phpsicocheriiical Systems at Equilibrium— Tk 
general conclusions from experiments on systems containing lactate la 
high concentrations (Table III) are that lactate behaves like chloride and 
both substances may be treated as physicochemical components of the 
system by the same theoretical considerations. In addition, the 
Henderson-Hasselbalch equation appears to be valid up to about pH 
for such a system, as judged by the reasonably good agi-eemeat between 
the calculated pH and the pH as measured Avith the glass electrode. Abow 
pH 7.2 the observed values are loAver than the calculated for undetemiin 
reasons. The same phenomenon is observed in systems low 
The Gibbs-Donnan ratio for cliloride, bicarbonate, and lactate . 
certain points of interest in systems whose lactate concentration is 
(Fig. 2). In comparison Avith the blood of man at rest (3, 
pressed and thco* is increased; rL is similar to rci in magnitude u 
what smaller. This phenomenon is seen in Table IV Avhere ic ^ ^ 
original sample of blood was studied writh and Avithoufc added ac 
Rate of Diffusion of Lactate frmn Plasma into Cells; 

Tetnperature — ^The rate of diffusion of lactate from plasma 
physiological temperature is easily measured, since cA^en at 
necessary to attain one-half the equilibrium value Avhen lactic aci 
to plasma is about 2 minutes, while at 0® it is about 20 ours. 

1 We are indebted to Professor J. Yule Bogue, Royal Veterinary Col 
England, for supplying us with this lactic acid. 
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cooling of the blood to about 0®, the movement of lactate is in effect; stopped, 
and thus the state of the system at any given time can be deteiTnined. 

If the ceil membrane is assumed to be freely permeable in both directions 
to lactate, then the rate of diffusion from plasma to cells when the gradient 
is in that direction can be expressed by an equation derived as follows: 
In addition to the symbols defined above, A is the area of cells; h is the 
thickness of the ceil membrane; k is the diffusion constant; t is the time in 



6.4 ae 6.8 7.0 7.2 74 7.6 


PLASMA pH 

Fig. 2. Distribution ratios of bicarbonate, chloride, and lactate at 37® ia blood of 
subject S. Blood high in lactate compared with usual results for blood of man at res . 
Dotted lines, values for bicarbonate in man at rest, and unbroken lines, values or 
chloride in man at rest, both from Dill, Edwards, and Consolazio (3). The 
blood high in lactate are not connected by lines. Abscissae, pH,; ordinates, 
Donnan ratio. 


minutes after mixing cells and plasma; and Fc is the cell volume exoressed 
as a fraction of 1. Assuming Fick’s principle (6), 


d(I/p) 

dt 


-k^ (Lp - W 
h 


Since in the present system Ve and A do not change and h is 
let k(A/h) represent the ‘^permeability constant” K of Jacobs an 
(11). It is of the dimensions milliequivalents per minute. 


Now 


LcF^ + Ml- Vc) 




JjwB *** Fc) 

Fc 


and 




Table; IV 

Difftision oj Chloride and Bicarhojtatc in Relation to Lactate 
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substituting in the first equation, we obtain, 

^ — Lirg 4- Lp — Lp T c\ K 

dt \ ~Vc ) '~vl ~ 

rf (Lp) ^ 

Lp ~ Ljts 

On integration, 

Lp — LffB = and Lp « Lira 

By putting i = 0, it is seen that b = (Lp^ — Lc^)T'c and is therefore the 
measure of the initial lactate gradient. By steps similar to the derivation 

6e-s</r. 

Owing presumably to Gibbs-Donnan effects, the concentration of lactate 
at equilibrium is never the same in cells and in plasma as it should be at 
f = CO if the system obeyed the laws of simple diffusion. Hence, it is 
necessarj^ to insert arbitraiy constants Ep and Ec to correct for this aber- 
ration, making 

Lp =5 EplhwB 4- 




-( 


and 


L= = Ec Lira - 


If Lc is divided by Lp, 

T ,T n 6e-« A 

Lc/Lp = £{ Vc I 

\ Lrs + fee-®''’' / 

The calculated curves fit the observed curves tolerably ^Yell, as is shonn 
iu Table V and Fig. 1 for two different axperiments. Typical values or 
E are 0.4 to 0.6; for h, 0.4 to 7.0; and K is variable according to the tem 
perature, as discussed below. 

Attempts to measure the rate of diffusion from cells of high lacta e 
tent into plasma of low lactate content have been unsatisfactcrj 
under our experimental conditions gross hemolysis has alv\a>s occ 
when the plasma and cells were mixed. 

Effects of Temperature on Cell Permeabiliiu — Change of v 

a striking effect on the permeability of red cells by lactate. - 
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perature decreases in blood, the "permeability constant” for lactate be- 
comes smaller much more abruptly than it would if it obeyed an equation 
of the Arrhenius type, in which Qio is relatively constant in all ranges of 
temperature. In the system plasma high in lactate and cells low in lactate, 
Qiq is about 2 in the range 25-36®, about 6 in the range 14-25®, and about 
30 in the range 0-14°. An empirical exponential equation of the type 
— In/iC = + h has been found to fit the data, when a, c, and h are 

arbitrary constants and T is the absolute temperature (Table VI) . This 
equation illustrates the abrupt change in iC as the temperature decreases. 


Table V 


Time Relations of Diffusion of Lactate from Plasma into Cells at 23° 


Time iUer 
mixing 

■ 

L^S 

hp 

I 

'C 

Lc 

Lp 

Found 

Cal- 

culated* 

Found 

Cal. 

culated* 

Found 

Cal- 

culated* 

wirt. 

ml. per 
lOO ml. 

per 1. 

m.eq. per 1. 

m.e?. per 1. 

m.eg. per L 

m.eq. Per 1. 


■1 

0.50 

50 

11.8 

24,6 

23.2 





2.88 


11.8 

20,4 

21.1 

3.1 

2.5 


Bia 

4.85 


11.9 

19.5 

19.9 

4.3 

3.9 



7.45 

50 

11.9 

18,8 

18.8 



mm 


9.88 


: 11.9 

, 18.6 

18.2 

5.2 

5.6 

0.28 


14.5 



17.9 

17.6 

6.1 

6.4 

0.34 


29.2 

1 

12.1 

1 17.1 

1 17.1 

7.1 

7.1 

0.42 


60.0 

50 

12.4 

17.4 

17.1 

7.6 

7.7 

0.44 

0.45 


* Lp, Lc, and Lc/Lp calculated as described in the text. The equation of good 
fit was: 


Lc/Lp = 0.44 


1 - 0.76e-°-^°« *\ 
1 + 


It will be noted that, in this particular experiment, calculation was simplified by 
virtue of Vg being 50. 


Lactate behaves similarly to glucose and to phosphate. According to 
Masing’s data (14), the Qio for glucose is 2.3 in the range 15-25®, and 12 
in the range 0.5-10®. Halpern (7) reported that inorganic phosphorus 
diffuses across the plasma-cell boundary rapidly at 37.5®, slowly at 23 , 
and not at all at 3®. She concluded that it does not obey the Gibbs-Donnan 
law, its behavior not being explicable by the factors involved in uncom- 
plicated diffusion. 

A combination of several factors might explain the 600-fold decrease in 
the "permeability constant” of lactate as the temperature drops from 
38-0°. Pirst, a normal decrease of about 125-fold would be expected for 
Uncomplicated diffusion of substances of high Qio (!)• Second, there is in 
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cell permeability, tiavson and DanipIH m • ^ discussion of 
considerations that require a small dppi-p-, • theoretical 

perature, and summarize thus - “ thp ^ mcrease in tera- 

three sets of fopforo- rn • *. c ‘ to an ion is defined by 
mh cknei^^^^^^ (1) mterface factors, (2) membrane Viscosity- factor, 

ovr^nlTv^^ These factors are themselves influenced by (i) mass 
ms of ion (hpoid membranes); radius of ion and pore radius (porous 


Table VI 


Chayigcs of ^^Penncahiltty Coefficient^* with Temperature 


Experiment No. 

1 ~ 

Temperature 

1 "Permeability coeiScieot" 



Observed • 

1 Calculated* 

70 

91 

6S 

91 

85 

91 

86 

91 

’C. 

38 

36 

28 j 

25 

23 

14 

0 

0 

O.ISI 

0.202 

' 0.050 

0.087 

0.0S3 

0.011 

0.0004 

0.0003 

0.235 

0.203 

O.UI 

0.0S7 
' 0.071 

0.015 

0.0002 

0.0002 


The observed permeability coefficient” for lactate is derived from experinienti 
on various subjects. The calculated value is derived as described in the ie\t. The 
equation of good fit u^as -lafiT = e^’Ouoio-r) ^ q.S. 


membranes), ^ (ii)^ orientation factors, (iii) adsorption (Traube effect), (iv) 
values of activa.tion energies. And these terms involve effects due to (a) 
diffusion potentials, (fi) chemical nature of membrane, ( 7 ) chemicai nature 
of diffusing ion, and (5) charge on membrane surface, and on niembraufi 
pores. The present data on lactate are not complete enough to allow 
analysis in terms of the factoi’s of Davson and Danielli (1), but systeniafic 
study of such other acids as acetic, formic, and pyruvic acids by means of 
the present techniques might yield information of the permeability of 
red cell in relation to length of carbon chain and substituent groups. 

Shifts of Chloride and Bicarbonate Associated with Lactaic — When lactate 
is added to plasma and shifts into the cells, chloride and bicarbonate move 
out of the cells, but I'elatively more chloride than bicarbonate. An experi 
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mental analysis of this shift was based on the two assumptions that when 
plasma high in lactate is mixed with cells that are low, samples of recon- 
stituted blood stored at about 0^ represent the initial state of the system, 
whereas samples \varmed at 37° for 20 minutes represent the state of the 
system after equilibrium has been attained. 

In a typical experiment blood under oil was divided into two equal por- 
tions and the plasma was removed from each. To one sample of plasma 
was added 2(+) -lactic acid in 90 per cent solution, about 0.2 ml. of acid 
being added for every 10 ml. of plasma; a similar volume of water was added 
to the other sample of plasma, in order to have the same Vc in the recon- 
stituted samples of blood. The plasma and cells were mixed at 0° and each 
of these samples of reconstituted blood was divided into two equal portions. 
One pair, representing high and low Lwb at the time of mixing, was kept 
at 0° until analysis; the other pair, representing high and low Lirs after 
equilibrium was attained, was warmed at 37° for 20 minutes with con- 
stant stirring. The conclusions to be drawn from this experiment, and 
others less complete (Table IV), are that mere warming of the reconstituted 
blood has no effects significant for the present purposes; that w'hen lactic 
acid enters the plasma, chloride and bicarbonate shift into the cells and 
simultaneously water shifts from plasma to cells, thus equalizing osmotic 
pressure; and that no further adjustment in w’ater or osmotic pressure 
occurs, since chloride and bicarbonate shift back to plasma as lactate enters 
the cells. The rates of these shifts of chloride and bicarbonate are appar- 
ently conditioned by the rate of diffusion of lactate. This is shown in the 
case of chloride by Table ^TI, which lists Lp and Clp at various times and 
temperatures, after mixing plasma high in lactate with cells that were low’. 
It is clear that chloride leaves the cells only pari passu with the lactate 
entering them. In contrast with its behavior w'hen associated w'ith the 
movement of lactate, the rate of diffusion of chloride when not so condi- 
tioned is very rapid. 

We have tried without success to measure the rate of diffusion of chloride 
from plasma into cells, by adding HCl to plasma, by adding NaCl 
to plasma, and by mixing plasma of high chloride content with cells of low’ 
content, but w'e have not succeeded in measuring anything but final equilib- 
rium states even at 0°. It is apparent that the rate of diffusion of chloride 
along a chloride gradient is far faster than that of lactate along a lactate 
gradient. The w’ork of Dirken and Mook (4), using a modification of the 
technique of Hartridge and Roughton (8), led to an estimate of not more 
than 3 seconds for chloride equilibrium to be established in whole blood, 
and this w'as confirmed for chloride and bicarbonate by Luckner and Lo- 
sing (13), using electrometric methods. It is therefore not surprising that 
the present experimental technique does not show' differences even at 0°. 
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DISCUSSION 

The piesent expeiiments offer a possible explanation for a phenomeDoa 
observed in muscular exeicise. After a sharp burst of exercise, theie is a 
continuing increase in whole blood lactate foi a few minutes after the exer- 
cise IS over. This may be due not to a leal production of lactate after the 
exercise is over, but to a sloxvly increasing cell lactate in a plasma that has 
a lactate level held essentially constant for a few minutes by the relathely 
large muscle mass from which lactate is passing into the extracellular fluid 
Some unpublished expeiiments- have been performed on a subject who ran 
to exhaustion in 40 seconds. Blood was drawn and immediately cooled 
to 0°. The value for Lp remained essentially constant for 5 minutes, but 
Ijcihp increased during this peiiod, as would be expected fiom the above 
hypothesis. 


Table VII 

Plasma Lactate and Plasma Chloride during Diffusion of Lactate into Cells 
The results are expressed ui aiilliequivalents per liter 


Determmation 

Tempera 

ture 



Tune alter mixmg plasma and cells 



0 

mm 

i 

mm 

2 

mm 

3 

mm 

4 

mm 

5 

mm 

10 

mm 

12 

rain 

23 

mm 

50 

mio 


"C 











L, 

0 

21.5 



21.2 


BIB 

BiDi 




Cl, 

0 

94.2 



95.2 


95.1 

95 S 




L, 

25 

21.5 


WSm 


18.7 



18.3 

17 3] 

17 4 

Cl, 

25 

94 2 


95 7 


96.7 



97 9 

1^; 

1 98 2 

L, 

36 

21 5 

20 2 

19.4 

18.8 

! 17 3 






Cl, . 

36 1 

94 2 

96 3 

96 6 

97.1 

97 4 



■ 





It is clear from the present work that equilibrium between red cells an 
plasma is sometimes reached very slowly after a change in the constituen • 
of blood. There is good experimental justification for the convention^ 
treating quantitative changes of the physicochemical components o 
blood (9) as if they occur in stepivise fashion and not simultaneous 

SUMMARY 

1. A study has been made of the physicochemical properties of 

containing lactate in concentrations repiesentative of those see 
severe muscular exeicise. iig 

2. At equilibrium the distribution ratio of lactate 

plasma is of the same order of magnitude as that of c on e, 
respond in the same xvay to changing pCOi and p 02 . ^ ^ ^ 

» DiU, D. B , Edwards, H T , Talbott, J , Bock, A V , and Caly, C , 
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lactate and chloride may be treated as part of the physicochemical system 
by the same theoretical considerations. 

3. The kinetics of the diffusion of lactate in blood are susceptible of 
analysis because cooling blood to 0° virtually halts the entry of lactate into 
the cells without altering cell volume. It is found that curves for the dif- 
fusion of lactate from plasma high in lactate into cells that are low all have 
the same shape and final equilibrium point at any temperature between 
0-37°. This family of curves can be fitted by an application of Fick’s 
principle. The Qio of the diffusion constant is far higher at low tempera- 
tures than at high. 

4. Immediately after plasma high in lactate is mixed with cells that are 
low in lactate, there is a shift of chloride and bicarbonate into the cells. 
Then as lactate moves into the cells, chloride and, to a smaller extent, 
bicarbonate move back into the plasma, and their movements are pari 
passu with those of lactate. When equilibrium is finally attained, which 
takes about 10 minutes at 37° and about 100 hours at 0°, the Gibbs-Donnan 
ratio for chloride is considerably below its value for blood of man at rest, 
and the ratio for bicarbonate is higher. 
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III. THE VITAMIN ACTIVITY OF PYUIUOXAL AND PYIIIDOXAMINE FOll 
VARIOUS ORGANISMS* 

Bv ESMOND E. SNELL and ADELLE NEELY RANNEFELD 

(f'ram I'hc University of 7’axas, Biochemical Instiluta, and the Clayton Foundation 
for Research j Auslin) 

(Ucceived for publication, October 20, 1944) 

Evidence for the production in vivo from pyridoxinc of compounds with 
increased activity for certain lactic acid bacteria (1) and for the production 
of similar compounds by amination or oxidation procedures in vitro (2, 3) 
has been reported. Only a limited number of structures for the compounds 
resulting from amination or oxidation appeared possible; synthesis (4, 5) 
of certain of these n^sultcd in identification of pyridoxamino and pyridoxal 
as the active compounds (G). 

In the present paper, the activity of these compounds in promoting 
growth of a number of different organisms is compared with that of 
pyridoxine. A l^ricf summary of such results with three microorganisms 
has previously appeared (6). 

EXPIiUIMENTAL. 

A number of different organisms^ which have been reported to require 
added pyridoxine for growth were used. Assays for growth-promoting 
activity of the various compounds were carried out by published procedures, 
or by slight modifications of them, as noted in each individual case below. 

Streptococcus faecalis R (Streptococcus laciis R ) — This organism was that 
originally used in the discovery of ''pseudopyridoxinc'' (1), and was used 
together with LactohcLcillus casei in implicating an amine and an aldchj^de 
as structures for pyridoxamine and pyridoxal (3). As previously noted 
(3), trouble is occasionally encountered in applying the assay with this 
organism under conditions as originally described. Others have en- 
countered simDar difficulties (7). While the reasons for such erratic be- 
havior are not entirely clear, the defect appeared to He in -the presence of 

* Presented in part before the 108th meeting of the American Chemical Society 
at New York, September 11-15, 1944. 

^ We are indebted to the following individuals who kindly supplied the cultures 
indicated: Dr. C. F. Niven {Streptococcus laciis LlOl, Streptococcus maslilidis G'2, 
Streptococcus maslilidis 97B), Dr. E. McCoy (Streptococcus zymogenes H69D5 and 
Bacillus laciis acidi Bl-1), Dr. G. W. Beadle (Neurospora sitophila 299), Dr. W. J. 
Robbins (Ceratosiomella ulmi)^ Dr. V. G. Lilly (Mycoderma valida)^ Dr. P. R. Burk- 
holder (Saccharontyces oviformis)^ and Dr. C. N. Frey (Saccharomyces carlsbergensis) . 

475 



476 


VITAAHN Bo GROUP. Ill 


giowth-promoting substances in the hydrolyzed casein. The following 
modified method of prepaiation gave a much superior product for the 
purpose at hand. 

50 gm. of Labco vitamin-fiee casein were refluxed for 8 to 10 hours with 
500 cc. of constant boiling HCl. Excess HCl was removed by concentra- 

Table I 


ComposUxon of Basal il/ediam 



Aniount per 100 cc of laedium 
(20 assay tubes) 

ydrolyzed casein (vitamin-free, charcoal-treated) 

wr 

1000 

r ... acetate 

1200 

ucose 

2000 

Asparagine 

20 0 

Tryptophane 

10.0 

Cystine hydrochloride 

20,0 

Adenine sulfate 

2.0 

Guanine hydrochloride 

2.0 

Uracil 

2.0 

Thiamine chloride 

7 

20 

Calcium pantothenate 

40 

Riboflavin 

40 

Nicotinic acid 

40 

Folic acid concentrate* 

6.6 

Bio till (free acid) 

0.08 

p-Aminobenzoic acid 

20.0 

Inorganic Salta Af 

1.0 

“ “ Bf. 

1.0 


♦ The folic acid concentrate used had a “potency^* of 30(X), and was prepare y 
carrying the procedure for concentration of folic acid (8) through adsorption an 
elution from Lloyd's reagent Preparations of much less punty can be use suc^ 
cessfully if added in correspondingly greater amount; the amount added is a on 
5 times that necessary for maximum growth. 

I Snell and Strong (9) 

tion to a heavy syrup under i educed pressure. The symp 
in water, and the concentration lepeated. The pioduct was 
adjusted to pH 7.0 with concentrated NaOH solution, and dilute 
cc- This solution was stirred for 15 minutes with 5 gm. of activa e 
coal (Daico G-60) and filteied. The charcoal treatment was rep 
and the lesulting solution stored under toluene until used. 
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The composition of the basal medium is shown in Table I. This is 
twice the concentration used in the final assay tubes. For use with 
Streplococcm Jaecalis, 25 mg. of K2HPO4, 25 mg, of KH 2 P 04 , and 2 mg. of 
glycine were added per assay tube.^ The medium was adjusted to pH 
6.8 for use. 

The same medium was used for strains of Streptococcus lactis. Strepto- 
coccus zrjinogenes and Streptococcic mastiiidis G-2 and 97B were also cultured 
in this medium, but the initial pH was adjusted to 7.4 rather than pH 6.8. 

For Laclohacillxis casei and Bacillus laclis acidi, the basal medium sho^vn 
in Table I was modified by addition of 2 mg. of dZ-alanine (13) per tube. 
For Lactobacillus arahinosiis, the unmodified basal medium was used. The 
initial pH of the medium was 6.8 with each of these three organisms. With 
all these bacteria, assays were carried out in the same manner as previously 
described with modifications noted below (1). The incubation time and 
temperature are given with the tables. Growth responses were deter- 
mined turbidimetrically. In all cases, inocula were grown in the medium 
used for assay, but supplemented with pyridoxine. The organisms were 
centrifuged out after 16 to 24 hours growth, resuspended in 0.9 per cent 
saline, and 1 drop of a suspension of barely visible turbidity used in inocu- 
lating each tube. 

The pyridoxine-requiring, mutant strain of Neurospora sitophila (14) 
was used for assay in accordance with the directions of Stokes et al. (15). 
Assays with Ceraiostomella ulmi were carried out as described by Robbins 
and Ma (16). Determinations with Mycoderma valida were made by an 
unpublished method of Lilly and Leonian.^ 

Assays were also made with three species of yeast according to published 
procedures. These were Saccharomyces carlshergensis (17), Saccharomyces 
cerevisiae (18), and Saccharomyces oviformis (19). Tests with Saccharomy^ 
ces carlshergensis and Saccharomyces oviformis were carried out on one-fifth 
the scale recommended by authors of these methods; the assay tubes were 
diluted with 5 cc. of saturated aqueous chloro thymol solution preliminaiy 
to determinations of turbidity. 

Assays with rats were made by the method of Conger and Elvehjem (20). 

* Liuckey et a2, (10) showed that additional potassium salts greatly improved 
growth of Streptococcus faecalis on a very similar medium used for folic acid assay 
(11); the same effect is noted in the above medium. Addition of ^ycine insures low 

**blank^* ** tubes. It prevents response of this organism to alanine and traces of other 
substances which have vitamin Be activity for this organism. This growth-depress- 
ing effect of glycine is completely and specifically overcome by substances having 
vitamin B# activity for this organism (12). 

® We wish to thank Dr. Lilly for furnishing details of this method in advance of 
publication. 
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Results 

Streptococcus faecalis R DetEiled results comparing the activity of 
P3’^ridoxine, pyridoxamine, and pyridoxal for this organism, are given in 
Table 11. Sterile solutions containing the amounts of material indicated 
were added to the medium after the assay tubes had been sterilized and 
cooled. This was done to prevent formation during autoclaving of sub- 
stances with increased activity from pyridoxine (2), P^Tidoxainine was 
about 8000 times, pyridoxal about 5500 times, as active in promoting 
growth as was pyridoxine hydrochloride. It was previously shown (1) 


Table II 

Comparison of Growlh-Promoling Effect of Pyridoxine^ Pyridoxal^ Pyridoxamine 
for Streptococcus faecalis R* 


Compound Added 

Amount 

Gaiv'anometer 

reading 

Pyridoxine equivalent 

Avenge 

pytidowoc 

equivalent 


7 Per 10 ft. 


y 

7 ptryc^mpitun^ 


Pyridoxine hydro- 

0.0 

10 




chloride 

1.0 

11 i 





2.0 

15 





4.0 

28 





: 8.0 

52 

'■ i 




16.0 

70 

1 1 


1.0 

Pyridoxamine 

0.0005 

28 

' 4.0 

8000 



! 0.001 

56 

1 8.8 

8800 



0.002 

69 

! 14.5 

7250 



' 0.003 

I 77 



sooo 

Pyridoxal 

0.0005 

20 

2.S 

5600 



0.001 

37 

•5,4 

5400 



0.002 

63 

11.0 

5500 

5500 


0.004 

77 




* Incubation time, 16 hours at 30®. A galvanometer reading of 0 was given b} 
distilled water; a reading of 100 was given by an opaque object. 


that no detectable amount of pyridoxine Avas absorbed from the me 
during growth of this organism. These high figures for the 
pyridoxamine and pyridoxal do not, therefore, mean that 8000 yo P> 
doxine arc required in the organism to function as does only ^ 
pyridoxamine. They simply express the low yield in which 
is converted to substances having this high degree of activity. . 
this conversion can be effected to any degree by SireplocQCCUS 
itself, or whether it occurs only through interaction of 
constituents of the assay medium, is an uasettled pomt, but ava 
deuce favors the latter explanation. Several assays of t is n 
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yielded values for the activity of pyridoxamine which varied from 500 to 
12,000 times that of pyridoxinc hydrochloride in the same test. The 
activity of pyridoxal similaily varied from 400 to about 8000 times that of 
pyridoxine. It should be emphasized that the variation observed is due 
chiefly to variation in the apparent activity of pyridoxine; the amount of 
pyridoxamine or pyridoxal required for maximum or half maximum growth 
is relatively constant. Thus it would be more accurate to ascribe an activ- 
ity of 1.0 to pyridoxamine, when pyridoxal would have an activity of about 
0.7 and pyridoxinc hydrochloride about 0.00008 to 0.002. 

Lactobacillus casei — The activities of pyridoxinc hydrochloride, pyri- 
doxamine, and pyridoxal were determined as described above, except that 
L, casei was used as the test organism. Again, sterilization of samples with 
the medium \Yas avoided to prevent changes in activity due to interaction 

Table III 


Comparative Activity of Pjjridoxine^ Pyridoxamine ^ and Pyridoxal for 
Lactobacillus casei* 


Compounci ' 

1 

Active range ' 

Amount producing 
iiali maotimura tui- ' 
bidimetcr reading 

1 

Comparative 

activity 

1 

7 per iO ct. ' 

y per 10 cc ' 


Pyridoxine hydrochloride 

0.2 -10 

2.0 

1.0 

Pyridoxamine 

0.02 - 1.0 

0.2 

10.0 

Pyridoxal 

; 0,0003- 0 01 

1 0.0014 

1 1430,0 


* Incubated 24 hours at 37*^. 


of these compounds with constituents of the medium. The results are 
given in Table III. Pyridoxamine was about 10 times as active, pyri- 
doxal about 1400 times as active, as pyridoxine hydrochloride on an equal 
weight basis. Repeated assays have yielded values for the activity of 
pyridoxamine which ranged from 3 to 30 times that of pyridoxine hydro- 
chloride. Pyridoxal, similarly tested, was 1000 to 1600 times as active 
as pyridoxine. Separate experiments similar to those reported before with 
Streptococcus faecalis (1) showed that neither pyridoxine nor pyridoxamine 
was absorbed from the medium to any appreciable extent by L* casei; 
presumably, as in the case of Streptococcus faecalis, derived products, formed 
in very small amount, are the substances absorbed and utilized. Pyridoxal 
was completely removed from the medium during growth, so far as could 
be determined. 

Saccharomyces carlsbergensis — summary of the activity of pyndoxine, 
pyridoxamine, and p 3 rridoxal for this organism is given in Table IV. If 
all compounds had equal activity on a molecular basis, pyridoxamine and 
pyridoxal should be 1.22 times as active as p 3 nridoxine hydrochloride. It 












480 


VITAMIN Be GROUP. Ill 


is evident that this ratio is closely approached. In repeated tests, activity 
of pyi’idoxamuie varied from 0.8 to 1.3 times that of pyridoxine hydro- 
chloride, while that of pyridoxal varied from 0.9 to 1.4 times that of pyri- 
doxine hydrochloride.^ 

Effect of Auioclavinq with Qa^dn — In each of the above tests, sterile 
solutions of the sample to be tested were added to the medium in the assay 
tubes after these had been sterilized and cooled. This was done because 
autoclaving with the medium is known to alter the activity of pyridoxine 
for Streptococcus Jaecdlis and Lactobacillus casei (2). It appeared possible 
that autoclaving pyridoxaniine or pyridoxal with the medium might alter 
their activity. This proved to be the case. Pyridoxal (10 y) was added 
4 ^ 1 cc. of a solution containing casein hydrolysate equivalent to 100 mg. 

casein. Similar tubes containing 10 y of pyridoxamine and 1.0 mg. of 
pyridoxine hydrochloiide were prepared. The casein hydrolysate was that 
used in preparation of the basal medium, and was at pH 7.0. All tubes 


Table IV 


Comparative Activity of Pyridoxine Hydrochloride^ Pyridoxamine^ and Pyridoxal for 
Saccharoinyces carlsbergensis 


Compound with active range of 0 002-0 04 per 10 cc 

Amount producing 
half maximum turbid- i 
uneter reading 1 

Comparntiv e acPviO 


t per 10 cc. 


Pyridoxine hydrocldorlde 

1 o.oos 

1.0 

Pyridoxamine . 

0.0060 

1,33 

Pyridoxal . . 

0.0056 

1.42 


were autoclaved at 15 pounds steam pressure for 30 minutes, cooled, /and 
diluted for assay. Similar samples, unlieated, served as controls. Th® 
results are given in Tabic V. The activity of pyrido.xine for S. Jaecalis^ is 
greatly increased by this procedure, as pieviously leported. Its activity 
for L. casei is increased to a lesser extent, while for yeast its activity remains 
essentially unchanged. The activity of pyridoxamine for these thr^ 
organisms is unchanged by the treatment. With pyridoxal, no change in 
activity occurs for yeast. With *S. faecalis, however, autoclaving 
casein increases the activity of this compound to that of 
limit. With L. casez, activity of the aldehyde is greatly - 

claving with casein. Separate experiments, with longer au oc a 
times, showed that this decrease proceeds^ until tlie behavior 

proximately the same activity as pyrido.xamine for L. caset. l 

4 In aome cases, lower values (0.25 to 0.75) were obtained for 
doxamine; these were traced to partial inactivation of the compou 
when it was autoclaved in very dilute aqueous solutions. 
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with all three organisms suggests that pyridoxal may be converted to 
pyridoxamine by this treatment. This could occur readily by transamina- 
tion reactions (21). An alternate explanation would be formation of stable 
intermediate compounds, such as SchiH^s bases or compounds derived from 
condensation of amino acids with the cyclic form of pyridoxal (4, 5), pos- 
sessing activity equivalent to that of pyridoxamine. 

Other Microorganisms — The comparative effectiveness of these three 
compounds for several additional microorganisms is summarized in Table 
The shape of the growth curve produced by increasing concentrations 
of various compounds differed somewhat with some of the bacteria, so that 
figures obtained for the comparative activity of the compounds at successive 
concentration levels drifted considerably in some cases. For this reason 
it is dangerous to draw elaborate conclusions. Some general conclusions, 

Table V 

Effect of Autoclaving with Casein Hydrolysate on Activity of Pyridoxine^ Pyridoxamine^ 

and Pyridoxal 


Compatativc acUvvty 


Compound 

Saccharo- 
mycci corL- 
bergensis 

Slrepiococcus \ 
faecaiis i 

Lactobacillus 

casci 

Pyridoxine hydro- ^ 

Untreated 

1.0 1 

1.0 

1.0 

chloride ] 

Autoclaved with casein 

0.9 

48.0 

2.7 

Pyridoxamine | 

Untreated 

1.23 

8700 

6.0 

i 

Autoclaved with casein 

1.30 

8700 

7.1 

Pyridoxal | 

Untreated 

1 1.25 

4400 

i 1150 

i 

Autoclaved with casein 

1 1.34 

8500 

i 69 


however, are unmistakable. For all bacteria tested, both pyridoxamine 
and pyridoxal are much more effective in promoting growth than is pyn- 
do.xine. Almost without exception, the activity of pyridoxal is decreased 
by autoclaving with the medium; in some cases, the potency of 
pyridoxamine appears to be increased by such treatment. These changes 
in activity are apparently produced by interaction of these compounds with 
the various components of the medium. Such interaction may well prove 
to be important to fulfilment of the biochemical function of pyridoxal and 
pyridoxamine. 

It has been shown previously that for one yeast, Saccharomyces carls- 
hergensiSj an organism well suited for the microbiological determination of 
pyridoxine (17), pyridoxamine and pyridoxal approximately equal pyn- 
doxine in activity when suitable precautions are taken to prevent changes 
in these compounds preliminary to assay. Repeated assays with Sac- 










482 


VITAMIN Be GROUP. Ill 


chcLvoniycQs c^TCvisiue GM aud ScLcchaTOMyccs ovifoTMis gave lower values for 
the potency of these two compounds, as shoivn in Table VI, Their apparent 
potency was lowered still further by autoclaving or steaming with water 
which contained air. Separate tests showed that with both organisms 

Tabce VI 

A,clivily of PyridoxiuCf PijridoxojiiinOf oiid P yridoxalfor Misceliaticous Microoryonisitts 


Organism 


■ ;.§ 

Streptococcus lactis LI 01. 
*1 u uT 

« “ 374 

“ TiiasttUdis 

Streptococcus masltiidts 
97B .. 

Streptococcus zymogenes 
H69D5 

Bacillus laclisacidi BI-1 
easts 

Saccharomyces oviformts 
** cerevistae 

GU . 

[olds 

Ceralostomella ulmi 
Mycodenna valida 
Neurospora sUophila 299 


♦ The media were sterilized by autoclaving before addition of the sampler; after 
cooling, sterile solutions containing the substances to be testoA were added osep i- 

t The samples were added to the medium as usual, and the assays autoclaved for 
15 minutes at 15 pounds pressure. ^ 

X Pyrido.xine hydrochloride is used as a standard with a potency of 1-0 jb ho 
*‘unautoclaved'' and ‘'autoclaved** tests. Its own growth-promoting povver js o 
changed by autoclaving, however. The figures in parentheses give the inicrogr 
per 10 cc. which produced near maximum growth under the test conditions. 

§ All bacterial cultures were incubated at 37® for 24 hours. 

the comparative activity increased as the growth period wiW 
(Table '\TI). Thus the rate at which these compounds are utilize ^ 
to be somewhat lower than that at which pyridoxine is utilize 7 
organisms. 


Average comparative activity 


Unautoclaved* 


Autociavcdt 


PyndoxiDC ^ , Pyridoxine S 

hydrochio- Pyndoxammc Pyridoxal hydrochlo- "S S "S 

ndct S 

ti 



1.0 (ly) 250' m 
1.0 ( 5 ") 610 160 
1.0 ( 3 ") 210 96 

1.0 (S")} m i-iO 

1.0 (10 ") 370 130 

1.0 (20 ") 570 170 

1.0(2") 7 0& 


0.22-0.75 0.63-1.2 

0.16-0.61 0.11-1.2 
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For the mollds tested, pyridoxamine and pyridoxal are equally or slightly 
more active than pyridoxine on a molar basis. Mycelial development of 
Ccratoslonidla uhui occurred more rapidly with pyridoxamine than with 
pyridoxine or pyridoxal. Robbins and Ma (16) recommend a 9 to 20 day 
incubation period for this growth test; the former was used in the present 

Table VII 

E^cct of Increased Time of Incuhaiion on Relative Activity of Pyridoxal and Pyri- 

doxaminc for Yeast* 


Relalive potency (pyridoxine hydrochloride = 1.0) 


Ttmif of incub^tioo j 

1 Sdcch^rornyces ozifermis 1 

1 Saccharomyces eernisice 

i 

Pyridoxal 

1 pyridoxamine ' 

Pyridoxal ' 

1 Pyridoxamine 

Afx. j 

10 i 

0.63 ' 


■■ 

n 

21 j 

1 0.71 




27 1 

1 0.83 


muH 



* The samples were steamed separately in oxygen-free %Yater before being added 
to the tests, and were not heated with the medium. 


Table VIII 


Comparan'vc Ac({oi(y of Pyridoxine, Pyridoxal, and Pyridoxamine in Accelerating 
Growth of LaclobactllviS arabinosus* 


Pyridoxine hydrochloride 

Pyridoxamine 

Pyridoxal 




Galvanometer 

reading 

Amount added 

Galvanometer 

reading 

Amount added 

Galvanometer 

reading 

7 Per 10 cC. 

0 

66 

7 per lO CC 

0 

66 

y per 10 cc. 

0 

66 

3 

71 

0.0005 

82 

0.0005 


10 

75 

0.001 

87 

0.001 

73 

30 

1 SO 

0.003 

1 91 


76 

100 

84 : 

0.01 



82 

300 

90 

0.03 

92 

WSSm 

SS 


* All tubes were incubated at SO® for 18 hours, chilled in an ice box to stop growth, 
and read turbidimetrically. A reading of 0 is given by distilled water; a reading of 
100 repiesents no light transmitted. 


work. It is quite possible that on longer incubation more nearly equal 
figures for the activity of the three compounds would be obtained. 

Lactobacillus arabinosus — ^This organism is representative of a number 
of factic acid bacteria which do not require added pyridoxine for growth 
(22). Addition of pyridoxine increases the rate of growth over limited 
periods of time, however (23). In view of the comparative inactivity of 
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pyridoxine in promotmg growth of other species of lactic acid bacteria, it 
appeared possible that the rate at which pyridoxine was converted to the 
form of this vitamin which is actually utilized might limit growth rate of the 
organism. The activity of these compounds in promoting early growth 
of Lactobacillus arubinosus is shown in Table VIII, Xone of the samples 
was heated with the medium. Pyridoxamine is more than 100,000 times 
as effective as pyridoxine hydrochloride in promoting growth of this organ- 
ism; pyridoxal is about 5000 times as active. It is obvious that these sub- 
stances, especially pyridoxamine, are much more readily available to the 
organism than is pyridoxine. Separate experiments showed that for this 
organism, as for Streptococcus faecaliSy sterilization with the medium greatly 
increased the apparent activity of pyridoxine. The activity of pyridox- 

Table IX 


Comparative Activity of Pyridoxine and Related Compounds for White Rots 


Compound 

Amount fed 

Average gain per 
animal* 

Comparative 

activity 


y per day 

f«. per tt)4. 


Pyridoxine hydrochloride 

0 

3.5 

1.0 


2 

10.2 



4 

13.2 



6 

14.6 



10 

18.4 


Pyridoxamine 

4 

15.6 

1,6 

Pyridoxal 

4 

14.0 

1.2 

2-Methyl-3-hydroxy-4”hydrox^ 

500 

10.5 

0.0(U^ 

inethyl-5-aminomethylpyridine 




dihydrochloride 






♦ Five animals were used for each point. Supplementation was continued for 
5 weeks. 


amine was unchanged by this procedure, while that of pyddoxa wa. 

likewise increased. ^ rr w TX 

White Rats — ^The results of an assay with rats are shown in Tab e 
Pyridoxamine and pyridoxal equal pyridoxine in activity for these / 
Whether the slightly increased activity of pyi’idoxamine over th^^ ^ 
doxine is real or within the experimental error of the assay canno e ^ 
at present. The isomer of pyridoxamine containing the 
group in the 5 rather than the 4 position has only negligible 
the activity of these compounds for rats checks very closely ew 
activities for Saccharomyces carlshergensis and N eurospora sttop 
Spectfidiy Relationships — Data concerning the activity o 
available products related to pyridoxine have been ^ ^ j in the 

Table X are summarized data concerning other products syn 
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Table X 


Aclimltj of Compounds Related lo Pyridoxamine and Pyridoxalfor Various Organisms 


Corapouod 

« 

Activity for 

Streptococcus faecalh F 

L Lactobacillus casei 

Saccharomyces 

carlsbergcnsis 

Pyridoxamine 

1.0 

0.007 

1 0 

Pyridoxal 

0.4 -0.7 

1.0 

1 0 

Pyridoxine ' 

0.0001-0.001 

0.00060-0.001 

1.0 


CH.OH 




HC 







0.00002 

0.00005 

0.0022 

H.C 






CH,OH 




HO 

i/Ncho 






0.00004 

0.00026 

0.29-0.73 

H.C 

1 





0 • 










0 0 




HO 


1 0.000053 (Co.) 

0.0001 (Co.) 

0.00025 

H.C 

IJ 





CH.— 0 




HO 

Ac=o 





1 I 

Inactive 

Inactive 

Inactive 

H,C 





H 

OC.H. t 









C 0 




HOr 


0.24 

0.73 

1.0 

H.cl 

1 





* Kindly supplied by Dr. Perlzweig. The free acid from which the lactone was 
prepared (4-p3rridoxic acid (24)) had less than 0.01 the activity of the lactone for all 
three organisms. We are indebted to Dr. ICarl Folkera for all other compounds. 

t This compound is very easily hydrolyzed to pyridoxal (5) , If autoclaved with 
water before testing, it shows full activity for all organisms. 
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course of this investigation (5). The activity of any product for an organ- 
ism is given in terms of the most active substance for that organism* It 
is evident that the response of these organisms to pyridoxamine and p 3 ai- 
doxal is specific. The isomeric amine and aldehyde are less active than 
pyridoxine for all organisms. For yeast, the 5-formyl derivative has 
activity approaching that of pyrido.vine, indicating that this organism is 
able to change it readily into the proper form for use. The inactivity of 
‘i-pyridoxic acid and its lactone is especially interesting, since this product 
is very closely related to pyridoxal, and has been isolated from urine as a 
degradation product of pyridoxine (24). 

PISCUSSION 

In originally predicting possible structures for pyridoxamine and pyri- 
doxal, the assumptions were made that similar biochemical rdles were being 
^ by all substances which showed vitamin Be activity for any orgaa- 

« and that such substances showed activity only after being converted 
to a common necessary catalyst within the organism (3, 6). It was dif- 
ficult to see how, if pyridoxine itself were this catalyst, some other sub- 
stance could be several hundred times as active for any organism as was 
pyridoxine. Consequently, it was thought that substances which 
showed such increased activity must be more closely related to the func- 
tional catalyst than was pyridoxine, or at least more easily transfomxed 
into this catalyst by these test organisms. It was therefore expected that 
these compounds would prove to have activity for all other organisms for 
which pyridoxine was active ; and that this activity, though it might be in- 
definitely greater than that of pyridoxine, would probably not be markedly 
less. In general, this expectation is well fulfilled. Pyridoxamine and 
pyridoxal were as active, or more active, than pyridoxine for fifteen of seven- 
teen organisms tested. These included molds, yeasts, lactic acid bacteria, 
hemolytic streptococci, and rats. For two species of yeast, pyridoxamine, 
though active, was somewhat less active than pjrridoxine. For the same 
two organisms, pyridoxal sometimes showed activity equal to that o 
pyridoxine, but occasionally lower. The activity of these compounds m 
creased relative to that of pyridoxine as the incubation time was inci ease , 
indicating that the three substances differed in rate of 
than in intrinsic activity. Such slight differences in activity may e 
to differences in absorption rate, or other factors than structura ^ 
ship to a functional catalyst. If pyridoxamine occurs natura >> ^ 
quite possible that the low values obtained for pyridoxine u 
charomyces cerevisiae is used for assay (18) are partially due o 
availability of this substance to this organism. Lactic acid 
the other hand, if they utilize pyridoxine at all, do so at a vanishing > 
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rate, since growth ceases before maximum values are reached in the presence 
of excess pyridoxine (2, 25). 

Scudi (26) and Harris (27) have pointed out the ease with which various 
reactions involving the 4-hydroxyinethyl group of pyridoxine occur; and 
there is little reason to suspect that the 4-aminomethyl group would confer 
added stability. Condensations between compounds containing carbonyl 
groups and amino acids on heating are well toown. It is therefore not 
surprising that the autoclaving of these three compounds with the medium 
or with amino acids profoundly affects their actmty as subsequently deter- 
mined by certain microorganisms. The effect of such treatment on the 
activity of a compound depends upon the test organism used. Several 
cases have been observed above, (a) The activity of pyridoxine is greatly 
increased for Streptococcus faecalisy and somewhat increased for Lacto- 
hacillxts casei, but is essentially unchanged for Saccharomyces carlshergensis; 
(5) activity of pyridoxal is increased by autoclaving \vith amino acids 
for S. faccaliSy Lactobacillus arabinosuSy and certain other organisms, is 
greatly decreased for Lactobacillus casei, and remains essentially unchanged 
for S. carlsbergensis; and (c) activity of pyridoxamine remains imchanged 
for S. carlsbergensis, S, jaecalis, and Lactobacillus arabinosus, but may be 
increased for organisms such as Streptococcus masiiiidis. Autoclaving in 
very dilute aqueous solutions containing dissolved air lowers the activity 
of these compounds. Unpublished data show that like pyridoxine (28), 
these compounds are readily inactivated by light, especially when in dilute 
solution. 

In an early study of the pyridoxine nutrition of Laciohacillus casei, 
Bohonos et aL (29) showed that to promote equal levels of growth much 
higher concentrations of pyridoxine were required when strictly anaerobic 
conditions were maintained, and that with increasing oxygen tension smaller 
amounts of pyridoxine were required. This result is now readily explic- 
able: p3addoxine itself does not promote growth of this organism, its 
partial oxidation product does, and formation of the latter is favored by 
oxidizing conditions. 

When pyridoxamine or pyridoxal is used as standard with Streptococcus 
faecalis, values for the “vitamin Be” activity of natural materials are ob- 
tained which are as low or lower than those indicated by yeast assay* 
Similarly, if pyridoxal is used as the standard with Lactobacillus casei, 
values for the “vitamin Be” content of tissues are obtained which are con- 
siderably lower than those obtained by yeast or Neurospora assay. Such 
values stand in marked contrast to the absurdly high values obtained 
against a pyridoxine standard, which first led to an investigation of this 
problem (1). Considerable evidence indicates that pyridoxamme and 
pyndoxal, or higher combinations of these compounds, are chiefly re- 
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sponable for the ^^pseudopyridoxine” activity of natuf^ materials. This 
evidence wtU be presented separately (30). If this is ti'ue, it indicates that 
'‘pseudopyridoxine” has activity for all organisms, including animals, but 
that tins activity, for rata at least, is about equal to ^bat of pyridoxme. 
It follows that for determinations of total “vitamin Bg'* actudty organic 
for which these various forms have approximately equal actirity should 
be used. This requirement is met by rats, Saccharor!^y<^ carkbergmsiSf 
and Neurospora sitophila. The latter two microorgajusms have already 
been recommended for use in assay work (17, 15). 


SUMXIARY 


P3Tidoxamiae, pyridoxal, and pyridoxine were comP^^ respect 
o their growth-promoting activity for seventeen dififereut organisms. For 
me group, represented by some yeasts, molds, and ratSj these compounds 
»"»ve approximately equal activities on a molar basis* b'or two yeasts, 
pyridoxamine and pyridoxal shelved variable activity, which was usually, 
but not always, somewhat less than that of pyridoxine. a large group 
\ac'ric adib \)ac'iefia 'fne ac’fm'ty pyrihoxamine yyidiuich 
from a few fold to several thousand-fold that of pyrid(?*^^i ^ doubtful 
whether these organisms utilize unchanged pyridoxme 
Pyridoxal and pyridoxamine are labile compounds wh^^b readily undergo 
reaction Avith various constituents of the basal media nbou heated, buc 
reaction can be detected by the change in growth-pron^uting actu it} pro* 
duced by autoclaving with the medium. The magnitude and direc loa 
of this change vaiy with different test organisms. The uompoun^ are 
labDe to heating in dilute water solutions containing dissohe air, a 

are destroyed by light. ^ Its re- 

Various related structures were tested for activity, ^ ^ 

ported. The response of lactic acid bacteria to pyridoxaJ 
is very specific. 

Implications of some of the results are discussed. 


1. ^ bssQ coucluds^ oa 

Addendum — Since submission of this paper, rat assays . -/rrorrmethyl'^ 

the lactone of 4-pyridoxic acid, and upon 2-methyl-3-hydroxy'^ levels'of 1 
fonnylpyuddine (cf. Table X). The lactone did not promote ^ . of 4 Y rat 

Y or of -KX) r per rat per day. The aldehyde was inactive at ^07 

per day. Pyridoxal, used as the starfdard, gave an average gro ^ ntaniifl 

per week per rat at a level of 2 7 per rat per day. The confer^ animals were used 
B«) grew at an average rate of 2.4 gm. per week per rat. FoU^ 
per group, and supplements were fed for 7 weeks. 


1 . SneU, E. E., 

2. Snell, E, E.. 
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IV. EVIDENCE EOR THE OCCURRENCE OF PYRIDOXAMINE AND 
PYRIDOXAL IN NATURAL PRODUCTS* 

By ESMOND E. SNELL 

(From The University of Texas, Biochemical Institute, and the Clayton Foundation 
for Research, Aitsi/n) 

(Received for publication, October 20, 19-14) 

In a previous, paper (1) evidence for the occurrence in natural products 
of one or more substances which far surpassed pyridoxine in growth- 
promotmg activity for various species of lactic acid bacteria was described. 
P^^idoxine was partially transformed into this substance by the animal 
organism. The substance responsible for the increased activity was ten- 
tatively called “pseudopyridoxine/’ Subsequently, it was found that 
substances of similarly high activity for these organisms w'ere formed Avhen 
pyridoxine 'was subjected to procedures causing amination or partial ox- 
idation (2-4). The active substances formed by these procedures were 
identified and named pyridoxamine and pyridoxal, respectively (4-6). 

The comparative activity'' of p 3 ''ridoxamine, pyridoxine, and pyridoxal in 
promoting growth of a number of organisms has been described (4, 6). 
Among these organisms were three which behaved very differently toward 
the three compounds. For Saccharomyces carhhergensis the three com- 
pounds w'ere approximately equally active on the molar basis. For Strep- 
lococcm faecalis R, pyridoxamine w’as highly active, pj^^ridoxal somewhat 
less active, and pyridoxine practically inactive. For Lactobacillus casei 
pyridoxal w^as highly active; pyridoxamine and pyridoxine were com- 
paratively only very slightly active. Unless the latter tw^o compounds 
were present in very high concentration relative to the pyridoxal con- 
centration, activity due to them could be safely neglected without introduc- 
ing significant error into the determination of pyridoxal. 

By using all three organisms with proper standards, it is thus possible, 
by solving a very simple set of simultaneous equations, to determine the 
amount of any one of these compounds present in a mixture of the three. 
Application of the diff^erential assay to natural materials 'v\’ould, of course, 
result in classification of the grow'th-promoting substances present into 
three fractions, depending upon whether they behaved tow’ard the test 
organisms as pyridoxine, pyridoxamine, or pyridoxal. Treatment of the 
extracts by procedures designed to inactivate pyridoxamine or pyridoxal, 

* Presented in part before the 108th meeting of the American Chemical bociety at 
New York, September 11-15, 1944. 
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followed by reassay, would permit a decisioa as to whether the active 
substances present in any fraction behaved in the predicted manner. If 
so, it would strongly indicate that these compounds actually occurred in 
nature. 

Such experients are described in the present paper. Results obtained 
indicate that pyridoxaxuine and pyifdoxal occur naturally, and that a 
considerable portion of the ^Vitamin Bs’* activity of natural materials is 
due to their presence. Their presence similarly explains satisfactorily the 
^‘pseudopyridoxine” acturity of natural materials, originally described 
( 1 ). 


EXPERIMENTAL 

Testing Methods — ^Assays \Yith Saccharoinyces carkhergensis were made 
by the method of Atkin ct aL (7), except that they were carried out on one- 
fifth the scale recommended (7), Tests \vith Sirephcocciis faecalis R and 
Laciohacilltis casei were performed as described in Paper III of this series. 
In all cases, samples for assay were added aseptically to previously sterilked 
media to prevent variable changes in activity whieh occvr when the various 
compounds are autoclaved with test media (6). 

Repeated tests on the same samples have shown that in their present 
state of development assays with either Streptococcus faecalis or Lado- 
bacillus casei yield results which vary somewhat from time to time when 
applied to the same natural extracts. For this reason, all experiments 
described below have been run repeatedly. All figures given are those 
obtained on a single assay run, and are strictly comparable. While the 
absolute magnitude of the figures obtained on repetition of the exper- 
iment may vary slightly, the changes in activity, from which conclusions 
are drawn, are always present. 

Differential Assay of Natural Materials — ^Yeast e\-tract ^ 

extract (Wilson's 1:20), rice bran concentrate (vitab), and pow o 
dehydrated grass juice (Cerophyl Laboratories) were used as 
of rather widely divergent types of materials. 2 per cent solutioi^o 
were hydrolyzed with 2 n HjSOi, as described by Siegel et aL (oj. 
hydrolyzed samples and neutralized, hydrolyzed samples were then assa 
with the three test organisms. Pyridoxine hydrochloride was 
standard with Saccharomyces carlsbergensis (the results are reeme ^ 
terms of the free base); pyridoxamine was used as the standar ^ ^ 

iococcus faecalis and pyridoxal for Lactobacillus casei. The resui 

in Table I. Kfotned'vith 

It is apparent that the total assay figures for the extracts o 
each organism are generally increased by acid hydrolysis. 
ridoxamine is used as the standard for Streptococcus faecalis, an 
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for Laclohacillus casci, the assay figures obtained are of the same order of 
magnitude iis those obtained by yeast assay. These contrast with the 
absurdly high values obtained against a pyridoxine standard.^ If the 
active substances wliich occur naturally promote growth of all three test 
oi*gauisms, and if no substances occur naturally which are more active than 
pyridoxainine or pyridoxal for Slreptococcxcs lactis or Lactobacillus casei, 
the assays obtained by means of the latter organisms should be no higher 
than those obtained with yeast against a pyridoxine standard. This is 
true in every case except with liver extract, in which assay with Slrep- 
iococcu^ faccalis against a pyridoxainine standard yields a higher result than 
is indicated by yeast assay. This result may be due to non-specific stim- 
ulation by substances which improve the growth of the test organism on 


Table I 

Assay of Actiic Substances and Their Extraction from Natural Materials 


! 

SubsLacce 1 

Saccltaromyces 
cartsbersensis 
(pyridoxine , 

standard) 

Streptococcus 1 

Jaecalts i 

fpyridoaamjne ' 

standard) 

\ 

1 Lactobacillus casei 
(pyridoxal 
standard) 

Untreated 1 

Acid- 

hydro- 

lyzed 

Untreated 

Acid- f 
hydro- 
lyzed 

Untreated ' 

i 

Acid- 
^ hydro- 
1 Ijzed 


y per y 

7 per y 

y per y 

y per y j 

y per y | 

y per y 

Pyridoxine 

1.00 

1.00 

0.0005' 

0.0005| 

0.0008 1 

0.0008 

Pyridoxamine. . . 

1.20 

1.20 

1.00 

1.00 ; 

0.0023 j 

0.0023 

Pyridoxal 

1.24 

1.24 

0.37 

0.36 1 

1.00 1 

1.00 


y per tm 

y Per gm 

7 per gm. 

7 per gm. i 

7 per gm j 

t 7 per gm 

Yeast e.xtract. . 

11.2 

14,5 

9.1 

10 0 

1.4 ! 

1.3 

Liver ** . . . 

8.1 

15.9 

1 13.0 

22.5 1 

0.47 1 

1.2 

Vitab 

20.4 

130 

' 3.0 

3.0 1 

0 43 

2 2 

Grass juice . . 

10 7 

16.5 

i 

i 9.0 

11 5 

2.2 ‘ 
( 

4.5 


the assay medium, or it may indicate the presence of active rriaterials other 
than pyridoxamine and pyridoxal. 

Examination of Table I reveals that with liver and yeast extracts and 
^ass juice only a small fraction (one-fourth to one-tenth) of the total 
active substances present, as indicated by yeast assay, behaves as does 
pyridoxal; f.e., is active for Lactobacillus casei. This portion of the total 
will subsequently be called the pyridoxal fraction. "When the activity 

* Such values are readily obtained for comparison by dividing the assa\" figures 
for the substance in question by the figure given for the acti vity of pyndoune Thus, 
yeast extract, assayed with Streptococcus faecahs^ contains the equivalent of 20,000 
7 of pyridoxine per gm. or 20,000 equivalents'' per gni as onginally designated 
( 1 ). 
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contributed by the pyridoxal fraction to the growth of Streptococcus faecalis 
is subtracted from the total assay value obtained with this organism, a 
figure is obtained for the amount of material present which behaves as 
does pyridoxamine for this organism (the pyridoxaininc fraction). If the 
sum of the activities contributed by the pyridoxal and pyridoxamine frac- 
tions is subtracted from the figure obtained by 3 'east assay, the result 
gives the amount of material present which behaves as pyridoxine toward 
the three test organisms.- By inspection, it is apparent that with yeast 
and liver extracts and with grass juice most of the active material is in the 
pyridoxamine fraction, with relatively much lower amounts in the pyridoxal 
and pyridoxine fractions. With vitab, the pyridoxine fraction far surpasses 
the other two. It should be pointed out that the first three of the above 
materials are extracts of metabolically active tissues, whereas the latter 
is derived primarily from doimant tissue. 

Utilization of Pyridoxamine and Pyridoxal Fractions by Yeast — Division 
of the total vitamin B& activity of natural materials for yeast into three 
fractions, as described above, rests upon the assumption that the pyridox- 
aniine and p 3 widoxal fractions are utilized for growth of yeast, as aro 
pyridoxamine and pyridoxal themselves ( 6 ). These fractions together 
constitute what w'as previously called ^'pseudopyridoxine/' Various inves- 
tigators (7, 9-12), however, using yeasts, molds, or rats as test organisnis, 
have concluded that ''pseudopyridoxine” is inactive for these organisms. 


- It is tempting to apply quantitative treatment to the results. This works fair j 
successfully with mixtures of the three pure compounds. Thus, values for t ^ 
activit3'^ of compounds as reported in Table I, the following equations can be use 
for Lacidbacilhis casei (pyridoxal standard) T “ a; -f 0.0023y + O.OOOSr, for ^ 
coccus faecalis (pyridoxanune standard) T == 0,36a; + y *f0.0005r, ior Saccharomyc^ 
carl$bcrge 7 isis (pyridoxine standard) T = l.24x + 1.2y -f 2, where T is the tota 
value obtained with each organism as stated, and a;, y, and s are the ^ 
of pyridoxal, pj^ridoxamiae, and pyridoxine, respectively. Because 0^ 
activity of pyridoxamine and pyridoxine for L. casci^ and the low o p 

oxine for 3. faecalis y these equations reduce to T =» x (L. caseO, ^ =* 0. -r , ^ 
faecalis) y T — 1.243; -f 1.2y -f 2 (5. carlsbcrgensis). The coefficients are 
variable, and must be determined with each test. Unfortunately, the 
volved are not very accurate, especially when applied to natural niatena s. 
illustration of the use of the method, it may be applied to t le re ^ 
acid-hydrolyzed yeast extract (Table I). Here, the pyridoxal 
per gm., the pyridoxamine fraction (y) is 9.5 y per gm., and the P3'ri ^^oxioc 

1.5 T per gm. The total error in the three determinations is borne y ^ 
fraction. The figure for this fraction is meaningless in this instance, sin 
to little more than 10 per cent of the total assay figure for 3'easti " eposes of Ibis 
assays used are accurate to more than =fcl0 to 15 per cent. amounts 

paper, it is unnecessari" to solve such equations in detad. uv mere insperiioa 
of the pyridoxamine and pyrido.xal fractions present can be seen 
of the comparative assay figures obtained with S. faecalis and 
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With one exception (12), this conclusion was based on the observed facts 
that substances known to contain ^^pseudopyridoxine*’ failed to exhibit 
abnormally high assay values with these organisms w^hen assayed agamst 
a pyridoxine standard, or upon failure of autoclaving pyiidoxine with amino 
acids to increase its grow th-promoting activity for the organism in question. 
As Johnson (12) points out, however, if pyridoxine and “pseudopyiidoxine” 
have the sa»ic activities for an organism, abnormally high assay values 
would not be ex'pected. In Paper III (6) it was shown that pyridoxine, 
pyridoxamine, and pyndoxal actually have approximately equal activities 
for each of the organisms used by these workers. In the present paper, 
fairly conclusive evidence will be given that ‘‘pseudopyridoxine” consists 
principally, if not entirely, of a mixture of pyridoxal and pyridoxamine or 


Table II 

Utilization of Pyridoxamine and Pyndoxal Fractions of Yeast Extract by 
Saccharomyces carlshergensis 





Total vitamin m eluate as determined 





with 


FlasL No 

Additions 

Inoculated 

Saccharo- 

myui 

Streptococcus 
faecal ts 
(pyridoxa- 
mine 
standard) 

I^ctobacillus 




carlsbcr- 

genus 

(pyridoxine 

standard) 

cases 

(pyndoxal 

standard) 



! 

7 

7 

7 

1 

1 0 4 7 py ndoxine hydrochloride 

No 

0 28 * 

* 

♦ 

2 

I 0 4*' 

Yes 

0 0062 ' 



3 

25 mg yeast extract 

No 

0 21 


0 oil 

4 

: 05 

i Yes 

i 0 015 

0 018 

0 0035 


* Since pyridoxine is essentially inactive for these organisms, no assay figure uas 


obtained 

higher combmations of these compounds, and is, thei ef ore, available foi the 
growth of all oiganisms so far examined. Johnson (12), howevei, has pie- 
sented evidence that ^^pseudopyridoxine'^ is not available foi the giouth of 
yeast {Saccharomijccs carlshergensis) He used Lactobacillus casci as the 
assay oiganism, his conclusions apply, therefoie, only to the pyuidoxal 
fraction of the total “pseudopyridoxme*’ activity. Since his conclusions 
are at variance with those reported herein, an expeiiment similai to that 
he reports was earned out. 

Four 1000 cc. flasks, each containmg 200 cc of the pyiidoxine assay 
medium of Atkin eial (7), w^ere piepared. 0 4 7 of pyiidoxine hy^diochloiide 
was added to Flasks 1 and 2. This is sufficient pyridoxine pemiit about 
one-half maximum giow^th of Saccharomyces carlshergensis (7). An amount 
of yeast extract t25 mg ) calculated to contribute an equi\alent amount of 
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total vitamin Be ^Yas added to Flasks 3 and 4. After sterilization, Flasks 
2 and 4 ^Yere inoculated with S. carlshergensis; Flasks 1 and 3 were carried 
as controls. All flasks were then shaken at 32° for 20 hours. At the end 
of this time, Flasks 2 and 4 showed heavy growth of yeast; Flasks 1 and 3 
were still steirile. The contents of all flasks were then filtered through 
thin layers of Filter-Cel, and 0.5 gm. of Lloyd^s reagent added to each 
filtrate. After the flasks were shaken for 20 minutes, the Lloj^ds reagent 
from each flask was separately filtered, washed with water, and eluted with 
10 cc. of 0.5 N NaOH (two 5 cc. portions). Each eluate was neutralized 
and assayed with the three test organisms. The results are given in Table 
II. They indicate that about 98 per cent of the p3uidoxine originally 
present in Flask 2 was absorbed by the growing yeast. 92.8 per cent of the 
vitamin Be originally present in the yeast extract added to Flask 4 was 
absorbed, as indicated by yeast assay. Similarly, 92.7 per cent was 
absorbed as indicated by assay mth Streptococcus faecaliSf which responds 
only to “pseudopyridoxine” (pyridoxamine plus pyridoxal fractions). 
The quantitative agreement between results with carlsbergensis and 
Streptococcus faecalis is not merely coincidental. Data of Table I, 
that to be reported later, indicate that pyridoxamine is the chief compound 
with vitamin Be activity which occurs in yeast extract. This must there- 
fore be the principal compound absorbed by yeast. Assay with Lado- 
bacillus casei showed absorption of 68 per cent of the pyridoxal fraction 
originally present. Thus both the pyridoxamine and pyridoxal fractions 
of ^^pseudopyridoxine” are available for yeast growth, and hence division 
of the total vitamin Be activity of natural products for yeast into pyridoxine, 
pyridoxamine, and pyridoxal fractions appears justified. The lowerea 
percentage absorption of the pyridoxal as compared wdth the pyridox- 
amine fraction does not mean that the pyridoxal fraction is less readily 
V utilized, but is merely a reflection of the comparatively loir concentration 
in which it is originally present, for if assimilation by an organism depen s 
upon adsorption and diffusion processes, it is clear that, other things being 
equal, substances present in comparatively high concentration w 
preferentially utilized.® 


3 If a similar distribution of the pyridoxamine and pyridoxal fractior^ 
sweat, a possible explanation of the results of Johnson is afforded. It is 
of course, that compounds occur in sweat that are active for Laclohacillus ca 
not for yeast, but this is not considered likely. The properties of the ac i 
stance present in sw'eat, so far as they are reported (12), fit those of pyn of 

the activity of sweat decreased from 10 y equivalents to 0.13 7 Yhw 

pyridoxine per cc. when the test was autoclaved for 20 instead of auto* 

was ascribed to increase in the activity of the pyridoxine standar ^ 

claving, but in our experience increases of this magnitude do no ® tjugjydue 

casei is the test organism (c/. Table V and also (6)) . The decrease is m 
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Nilroua Add Treatment— J?yi:idQ}djxQ is stable to nitvous acid (13), \Yhile 
one would expect pyridoxal also to be stable. Pyridoxaraine, however, 
should be completely destroyed by nitrous acid, and one of the principal 
products of the decomposition should be pyridoxine. If pyridoxamine is 
responsible for activity of the pyridoxamine fraction of natural materials, 
the latter should be inactivated by nitrous acid treatment. 

The effect of nitrous acid was checked as follows: To separate 25 cc. 
flasks containing 2 mg. portions of pyridoxine, pyridoxamine, or pyridoxal 
dissolved in 2 cc. of water, there were added 0.5 cc. of glacial acetic acid and 
1 cc. of a solution containing 20 mg. of sodium nitrite. The flasks were 
shaken for 30 minutes, then 50 mg. of urea were added per flask, and 
shaking was continued for 30 minutes. Solutions of yeast extract, liver 


Table HI 

Effect of Treatment with Nitrous Acid on Vitamin Bt Activity of Various Substances 


Substance 

Assay 

[ Saccharomyccs 

carlsbcri^ertsis 
j (pyndoxme 1 

1 standard) j 

Streptococcus faecalis 
(pyridoxamine 
standard) i 

1 

Lactobacillus 
[ casei 

1 (pyridoxal 

1 Standard) 

1 

Untreated 

HNOs- 1 
treated 

Untreated 

HNOr ' 
treated 

1 1 

|Untreatcd 

‘ HNOr 
treated 


y per y 1 

y per y 1 

y per y 1 

y per y 

y per y \ 

y pery 

Pyridoxine . . . ^ 

1.0 ' 

1.1 1 




0,00080 

Pyridoxamine . - 

1.1 ' 

0.47 




0,0030 

Pyridoxal . ' 

1.1 ' 

1.1 




1.0 


y per gm. 

y per gm. 

y per gm 

y per gm. 

7 per gm. | 

y per gm 

Yeast extract. . 

13.0 

5.5 

11.7 



1 1.3 

Liver “ 

9.1 

6.3 

16.2 

\ 1-2 


I 1.4 

Vitab j 

! 92.0 

86.0 


i 1.7 

, 1.7 

4.2 

Grass juice . 

; 11.7 

6.6 

1 

6.8 1 

1.5 

5-6 

5.6 

1 


extract, vitab, and dehydrated grass juice were hydrolyzed as indicated 
previously, neutralized, and similarly treated. To 2 cc. aliquots of the 
hydrolysates placed in separate flasks and contaming 100 mg. of the product 
in question, there were added 2.5 cc. of a solution containing 50 mg. of 
sodium nitrite and 0.5 cc. of glacial acetic acid. After 30 minutes shaking, 
100 mg. of urea were added, and the shaking continued for 30 minutes. 
The contents of all flasks were then neutralized and diluted for assay. The 
results are shown in Table III. 

to inactivation of pyridoxal by heating with the hydrolyzed casein present in the 
medium (c/. Table V). That such inactivation of the substance active for L. casei 
occurs was not recognized at the time the experiments with sweat were came out. 
Chance variations in assay due to small variations in autoclaving technique cou 
^ell explain failure to observe utilization of the substance by yeast. 
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Pyridoxine and pyridoxal were unaffected by nitrous acid treatmeat. 
Pyridoxamine was completely decomposed, as judged from its growth effect 
on Shrc'plococciis fcLccolis. Somewhat less than 50 per cent was converted 
to pyridoxine, as determined by its residual growth activity for yeast. 
The behavior of natural extracts is exactly what w^uld be predicted if 
pyridoxal and pyridoxamine were alone responsible for activity of the 
pyridoxal and pyridoxamine fractions. Thus there i^ no decrease in the 
pyridoxal activity following nitrous acid treatment. The pyridoxamine 
fraction is completely inactivated. The residual activity remaining for 
Streptococcus faecalis after nitrous acid treatment i^ about that to be 
expected from the undestroyed pyridoxal fraction. The lowered result 
obtained on yeast assay following nitrous acid treatment is about what 
would be expected if pyridoxamine accounted for a large portion of the 
total activity (for yeast, liver, and grass extracts), and this pyridoxamine, 
like the pure control compound, was incompletely converted to pyridoxine 
by the treatment given. Finally, the active substance in vitab for yeast, 
previously seen to fall principally in the pyridoxine fraction, is unaffected by 

rwiV ^2SSi^/ 

insure that any lowered assay results obtained were iiot due to possible 
toxic materials remaining after nitrous acid treatment. 

Thus the behavior of natural materials toward nitrous acid is consistent 
with the hypothesis that pyridoxamine and pyridoxal occur naturally) 
and account for the greater fraction of the vitamin activity of many 
products. 

Treatment with Sodium Cyanide and Ammonium Clitjoride — It has been 
shown (3) that when crude oxidation mixtures derived from pyridoxine 
were incubated with cyanide and ammonium chloride, the pyridoxal con- 
tained therein was inactivated, presumably^ because it was changed to the 
cyanhydrin or an amino nitrile. Activity of aminatiun products of py* 
ridoxine (pyridoxamine) \vas unaffected by this treatmeut. If the activity 
of the pyridoxal fraction of natural materials is actually due to pyridoxa , 
activity of such materials should be greatly decreased for Lactohacilh^^ 
casei by incubation w’ith cyanide and ammonium chloride. Since 1 1 
pyridoxal fraction is small in comparison with the pyritloxamine fraction, 
only a small decrease in activity for Streptococcus faecalts would be ' 

if activity of the latter fraction is actually due to py ridoxiamine. Sinn ar > ^ 
relatively small changes in activity for yeast would be expected. . . ^ 

1 mg. portions of pyridoxine, pyridoxamine, or pyridoxal were 
with 20 mg. of sodium cyanide and 20 mg. of ammoniuin chloride in 
of water. 100 mg. portions of the acid-hydrolyzed, natural '' 

neutralized, 20 mg. of sodium cyanide and 20 mg. of 
added, and the volume adjusted to 5 cc. All tubes wer^ allone 
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overnight at room temperature, then diluted to 10 cc., pasteurized at 100® 
ill the steamer for 5 minutes, and diluted for assay. 

The per cent inactivation for each organism is shown in Table lY. 
Pyrido.vine and pyridoxamine weie unaffected by the treatment; pyridoxal 
was rendered almost completely inactive for all organisms. The changes 
in the activity of natural materials were exactly those outlined above: 
the p^Tidoxal fraction (active for LactohacillMS casei) ivas over 90 per cent 
destroyed, while only minor changes occurred in the activity as determined 
with Slreptococcus faecalis and yeast.^ Again the behavior of natural 
materials is in accord ivith the supposition that these compounds occur 
naturally. 


Table IV 

Effect of Treatment with Sodium Cyanide and Amiiionium Chloiide or with Acetone 
and Alkali on Vitamin Activity of Fanows Substances 


Per cent of activity destroyed by incubation with 


[Cyanide and ammonium chloride | Acetone and sodium hydroxide 


Substance 



Sacchara- 
my CCS 
carhber- 
gensts 

Streptococ- 
1 cus 

j faecal ts 

Lactobacil- 
lus caset 

1 Saccharo- 
j myces 
carlsber- 
gensis 

\streptacoC‘ 

1 cus 

faecalis 

LactobactU 
lus cases 

Pyridoxine . . 

0.0 

0.0 

0.0 

0 0 

0.0 

0.0 

Pyridoxamine ... 

0.0 , 

0 0 

0.0 

0.0 

' 0.0 

0.0 

Pyridoxal ... 

9S 1 

99 

98 

98 

98 

97 

Yeast extract.. . . . | 

11 

6.0 

! 88 

15 

9.0 

54 

Liver , 

25 

0.00 

' 93 

6.7 

11 

87 

Vitab 

3.6 

4.3 

90 

0.0 1 

39 

80 

Grass juice . 

9.4 

18 

92 

15 1 

( 

10 

90 


Effect of Incnhaiion with Acetone and Alkali — Pyridoxal is inactivated by 
standing wdth acetone in alkaline solution; pyridoxamine is not (3). If 
these substances occur naturally, activity for Lactobacillus casei should 
be largely destroyed by this treatment, ivhile that for yeast and Strep- 
tococcus faecalis should be only slightly and variably decreased, depending 
upon the fraction of the total activity contributed by pyridoxal. 2 mg. 
portions of the crystalline vitamins or 100 mg. portions of the natural 
products were mixed with 1.0 cc. of acetone in 5 cc. of 0.4 n sodium hydroxide. 

* Because the pyridoxal fraction is usually so small compared to the pyridoxamine 
f*'action, and since the assays are accurate to only ±10 to 15 per cent, little signifi- 
cance can be attached to the decreases in activity tabulated for natural products 
under Streptococcus faecalis and Saccharomyces carlsbergensis There is a consistent 
decrease, however, of a magnitude approximately in line with the portion of the total 
activity comprised by the p 3 'rido\al fraction, as indicated in Table I 
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After standing at room temperature for 4 hours, samples w’ere neutralized 
and dihited for assay. 

The results given in Table IV are consistent with tlie vie^v that p}- 
ridoxamine and pyridoxal occur naturally. For Lactobacillus easel, activity 
of natural products is from 50 to 90 per cent destroyed. For Streptococcus 
faccalts, only small losses occur/ except in the case of vitab. Reference 
to Table I, however, shows that a considerable portion of the total activity 
of \atab for Streptococcus faecalis is comprised by the pyridoxal fraction, so 
that this decrease should be expected. For yeast, as would be expected, 
only minor losses in activity occur.-* 

The rate and extent of inactivation of the pyridoxal fraction of natural 
materials by this treatment are less than those exhibited by pure pyridoxal. 
This may indicate that a portion of the pyridoxal which occurs naturally 
is in higher combinations which partially protect it from reaction, or that 
other constituents of the extracts influence the rate and extent of the 
reaction. 

Effect of Heating with Casein — It was previous^’' reported that the ac- 
tivity of pyridoxal for Lactobacillus casei was very largely destroyed by 
heating vdth a casein hydrolysate (G). The same treatment increased the 
ictmty of pyridoxal for Streptococcus faecalis, and left it unchanged for 
yeast. The activity of pyridoxamine for all three organisms was unchanged 
by the same treatment (2, 6). Autoclaving natural materials \rith hy* 
jrolyzed casein should, therefore, result in greatly decreased activity for 
Lactobacillus casein and slightly increased activity for Streptococcus faccahs, 

:f these compounds occur naturally. 

1 mg. portions of pyridoxine, pyridoxamine, or pyridoxal, and 100 mg. 
portions of the acid-hydrolyzed natural materials were added to separate 
L800 mg. portions of casein hydrolysate (vitamin-free) . All solutions were at 
pH 6.9 and were adjusted to a volume of 10 cc. One set of these solutions 
was autoclaved at 15 pounds pressure for 1 hour. An identical set was 


prepared and held at room temperature as controls. 

The changes in activity of the various products wliich occurred as a 
result of heating with casein are given in Table V. Results with the pure 
compounds are the same as those previously reported. The actmty o 
pyridoxal is 96 per cent destroyed for Lactobacillus casei and 
increased for Streptococcus faecalis by the treatment. Similarly, 
per cent of the activity of natural materials for L. casei (pyridoxal 
is destroyed by the treatment, while the activity for Sirepiowcus jU 
is correspondingly increased. In separate, similar for 

yeast as the assay organism, only minor changes in activity 
the most part no greater than could be accounted for by the expe 
error of the method. Separate experiments showed that the ra 
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pyridoxal was inactivated for L. casct by this treatment was greater than 
the rate at ^Yhicll the pyridoxal fraction of natural materials was inactivated. 
Again, this may mean simply that other constituents of natural materials 
influence the rate and extent of the reaction, or it may indicate that py- 
ridoxal occurs naturally in some combined fomi less susceptible to this 
type of change, 

Effccl of Healing with <x-Keioglutaric Acid ^ — It was originally suggested 
(4) that pyridoxaraine and pyridoxal might be interconvertible by trans- 
amination reactions. The inactivation of pyridoxal for Ladohacillus 
casety and the accompanying increase in activity for Streptococcus faecalis, 
noted above when pyridoxal was heated with hydrolyzed casein {cf. also 
(6)) are most simply explained by assuming that pyridoxal is transformed 


Table Y 

Effect of Heating with Hydrolyzed Casein on Vitamin 5* Activity of Various Substances 


Sub stance 

1 Assay with 

Streptococcus Jaecalis 
(pyridoxamine standard) 

1 Lactobactllus casei 

1 (pyridoxal standard) 

Unheated 1 

[ Heated 




y per y ' 

\ y per y 

y per y 

1 y per y 

Pyridoxine 



0.0011 

1 0.0053 

Pyridoxamine — 

1.00 


0.019 I 

j 0.020 

Pyridoxal ... 1 

0.23 


1.00 1 

1 0.036 

1 

y per gm. 

y per gm. 

y per gm | 

y per gm. 

Yeast extract.. 

8.5 


1.1 

' 0.44 

Liver . 

12.8 

15.3 

1.1 

1 0.37 

Vitab.... 

2.4 

3.4 

1 1.8 

! 0.45 

Grass juice . 

6.5 

9.0 

4.5 

0.87 


into pyridoxamine by transamination reactions. Unpublished experiments 
show that this effect of casein is largely due to glutamic acid, which is known 
to be involved in biological transaminations (14, 15). This suggests 
attempting the reverse reaction; i.e., transformation of pyridoxamine into 
pyridoxal by heating with a^ketoglutaric acid. This subject will be 
separately treated at a later date. Results of a preliminaiy experiment,, 
however, are shown in Table VI. 10 mg. portions of the hydrolyzed 
natural materials were mixed with 5 mg. portions of a-ketoglutaric acid- 
100 y portions of the crystalline vitamins were similarly mixed with 500 y 
of a-ketoglutaric acid. All solutions were adjusted to pH 7.0 and 2 cc. 
and heated in the autoclave at 15 pounds pressure for 30 minutes. 

® The a-ketoglutaric acid used was generously supplied by Dr F. Schlenk 
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As would be expected if pyridoxamine were actually transformed in 
part to pyridoxal, its activity was gieatly increased for Lactobacillus casei, 
considerably decreased for Sirepiococciis faecalis^ and essentially unchanged 
for yeast. The activities of pyridoxal and pyridoxine were not affected by 
this treatment. If pyridoxamine occurs 'naturally, increased activity for 
Laciohacillus casei should follow treatment of natural materials with a- 
ketoglutaric acid, while activity for Streptococcus faccalis should be some- 
what decreased. No change (beyond the =bl0 per cent accuracy of the 
assay) should occur in activity for yeast. In general^ exactly these trends 
are observ^ed. It is obvious that substances other than pyridoxamine, 
present in the natural materials in large amounts, may prevent the changes 

Table VI 


Effect of Heating with a- Ketoglutaric Acid on Vitamin Activilg of 
Various Substances 


Substance 

Assay ^yith 

5(ifc/iaromyc« 
carlsbergcnsts 
(pyndoxme 
j sVam^jcraV 

{ Streptacaccus 

j faecalts 

(pyridoxainine 
j' stiamiVrru'/ 

Lacl:^baciltus m«» 
(pyridoxal 

1 standard) 

Untreated 

Treated , 

Untreated 

Ttcated 

Untreated 

Treated 


7 per 7 

7 pery 

y per y 

y pery \ 

y pery 

ypvy 

Pyridoxine 

1.00 1 

1.14 

0,00047 

0.00036 

0.00075 

o.oooss 

Pyridoxamine. 

0.S7 

0.88 

! 1.00 

0.54 

0.0032 

0.4S 

Pyridoxal . 

0.95 

0.92 

0.40 

0.39 

1.00 

1.00 


7 per sm. 

y per gm 

y per gm. 

7 Per gm. 

Y per grit. 

Y per 

Yeast extract 

13 7 

1 13.9 

14.5 

9.5 

2.2 

7.7 

Liver ** * 

17.6 

19.4 

23.0 

16.0 

3.2 

4 9 

Vitab. . 

135 

105 

3.7 

2.1 

3.9 

5.4 

Grass juice . | 

15.0 

16.5 

11,5 

8.0 

4,5 

S.3 


observed from being as large as might be expected from the results \uth 
the pure ‘substance. 


DISCUSSION 

In ail reactions attempted, the pyridoxamine fraction of natural materials 
behaves as though pyridoxamine itself was the active substance 
Similarly, the pyridoxal fraction of natural materials behaves as t lou^ 
pyridoxal was chiefly responsible for its activity. These pure 
are available for growth of j’^east, and of other orgaiiisms 
pyridoxine, as well as for many organisms unable to utilize ^ 

Similarly, the pyridoxamine and pyridoxal fractions of 
previously called '‘pseudopyridoxine,^' are available for the grow i 
and are utilized by those organisms which cannot utilize ^ ^ ^f'^ese two 
simplest explanation for data so far available is to assume t a 
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compounds occur naturally and constitute a considerable portion of the 
total vitamin Be activity of natural materials. Just as thiamine, for ex- 
ample, occurs botli free and combined as cocarboxylase in nature, so it is 
possible that higher combinations of pyridoxal and pyridoxamine occur 
naturally, and contribute to the activity of the pyridoxal or pyridoxamine 
fractions for various organisms. The existence of inactive conjugates of 
these substances, similar to that reported by Scudi et ah (16) for py- 
ridoxine, is probable, since assay values of some products are increased by 
acid hydrolysis. 

By means of the assays used above, it is possible to determine roughly 
the portion of the total vitamin Be activity which is due to pyridoxal and 
to pyridoxamine. With some products, such as liver and yeast extracts, 
these account for the greatest share of the vitamin Be activity. With 
other products, such as rice bran concentrate, only very small amounts of 
pyridoxamine and pyridoxal occur, as compared to the amount of pyiidoxine 
present. When the pyridoxamine and pyridoxal fractions constitute a 
major portion of the total activity, the differential assay used is not suffi- 
ciently accurate to determine the amount of pyridoxin e actually present. 

jRecently, two studies have appeared which support the contention 
that pyridoxal occurs naturally. Huff and Perlzweig (17) have shown 
that 2-methyl-3-hydroxy-4-carboxy-5-hydroxymethylpyridine (4-pyridoxic 
acid) is excreted to a variable extent by various animals after ingestion 
of pyridoxine. The growth-promoting activity of this product has been 
previously reported (6). This demonstrates that animals oxidize pyridoxine 
at the 4-hydroxymethyl group. Pyridoxal is a logical intermediate which 
would be expected to arise during the course of such an oxidation. Gun- 
salus and Bellamy (18) have shown that "Ts^udopyridoxine'’ promotes 
decarboxylation of tyrosine by resting cells of Strepiococens Jaccalis. Py- 
ridoxal was tested and found active. Natural products contain a similarly 
active substance (19). 

Very recently Hochberg et ah (20), using a chemical method specific for 
pyridoxine, have shown that some products, notab yeast extract, do 
not contain enough pyridoxine to account for their vitamin Bg activity, 
as determined biologically. Their data with yeast extract thus agree 
with those reported herein. Neither pyridoxamine nor pyridoxal is de- 
termined by their procedure.® Their data also support ours in the finding 
that rice bran extract contains chiefly pyridoxine. 

SUMMARY 

Adifferential assay method is described with Lactohacillus cwsci, Streptococ- 
cus faecalis, and SaccharoniT/ces carlsbergensis by means of which substances 
present in natural materials wffiich promote growth of these organisms on 

® Melnick, D., personal communication. 
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appropriate vitamin Bs-free media can be classified into three fractions 
which resemble pyridoxal, pyridoxamine, or pyridoxine in growth-promot- 
ing properties. Behavior of these fractions of natural materials to various 
chemical treatments was then determined, and compared with the behavior 
of the pure compounds. 

Pyridoxal, like pyridoxine, was undamaged by nitrons acid treatment. 
Similarly, the pyridoxal fraction of natural materials was unaffected 
Pyridoxamine and the pyridoxamine fraction of natural materials are 
completely inactivated by nitrous acid. The activity of pyridoxamine 
for yeast is only partially destroyed by this treatment, since one product 
of the reaction is pyridoxine. Similarly, the activity of natural materials 
for yeast is only partially destroyed. 

Pyridoxal and the pyridoxal fraction of natural materials are almost 
completely inactivated by incubation with sodium cyanide and ammonium 
chloride; pyridoxamine and the pyridoxamine fraction of natural materials 
are unaffected by this treatment. 

Pyridoxal and the pyridoxal fraction of natural materials are largely 
inactivated by incubation with alkali and acetone. Pyridoxamine and 
the pyridoxamine fraction of natural materials are unaffected by 
treatment. The rate and extent of inactivation of the pyridoxal fraction 
are somewhat less than that which occurs with pure pyridoxal. 

Pyridoxal and the pyridoxal fraction of natural materials are largriy 
inactivated by autoclaving with hydrolyzed casein. This treatment in- 
creases the activity of pyridoxal for Strc'ptQcaccus faecalis^ as though py- 
ridoxamine was being formed. Siimiariy, the activity of the pyridoxamine 
fraction of natural materials is increased by this treatment. 

Autoclaving pyridoxamine with a-ketoglutarie acid greatly increa^ 
its activity for Lactohaci7tws casef, but decreases it for /nc 

Both changes are consistent with the interpretation that pyridoxamine 
is being converted to pyridoxal. On similar treatment of natural produc i 
the activity of the pyridoxal fraction is increased and that of thepyndoxamme 

fraction is decreased. t'vities. 

For yeast, pyridoxal, pyridoxamine, and pyridoxine have equal ac i * 

Changes in activity of natural materials resulting from the above 
are exactly those which w^ould be expected from the behavior o 
pure compounds. Just as yeast can utilize pyridoxan^e ^d 
for growth, it is shoivn that the pyridoxamine and p^doxal trac 
natural materials (“pseudopyridoxine”) are also utilized by ‘ 

It is concluded that pyridoxal and pyridoxamine occur jji 

they constitute a considerable portion of the total . corn- 

many natural materials, and that the proportions in oresence of 

pounds occur differ markedly with different materials. 
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these compounds satisfactorily explains “pseudopyridoxine” activity (1). 
The data do not exclude the possibility that these substances may occur 
to some extent as constituent parts of more complex structures, nor are 
they sufficiently quantitative to exclude the possibility that other unknown 
substances may contribute a minor portion of the total vitamin Be activity 
of natural materials. 
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COLORIMETRIC DETERMINATION OF UREA 

By REGINALD M. ARCHIBALD 

With the Technical Assistance op P. Ortiz, E. Stroh, and J. Bronner 
(Froffi the Hospital of The Rockefeller Institute for Medical Researchj New Yorlz) 

(Received for publication, November 9, 1944) 

The use of a-isonitrosopropiophenoue, CsHs-CO’CNOH-CHa, as a re- 
agent for the colorimetric determination of urea has been mentioned in a 
previous communication (1). The present report outlines a simple method 
for the colorimetric determination of urea in blood filtrates and urine by 
means of this i-eagent and compares the values obtained by this method with 
those given by the urease ((2), (3) p. 372) methods. 

Apparatus 

Spectrophotometer or colorimeter. 

Reaction tubes. These are test-tubes of Pyrex glass, 20 by 150 mm. Each 
tube is fitted with a 1-hole rubber stopper through which is passed a short 
heavy walled glass capillary tube of 0.5 to 1.0 mm. bore. Such tubes have 
been illustrated by Van Slyke and Hawkins (4). These tubes are used to 
hold the blood filtrate and other urea solutions during the chromogenic 
reaction with a-isonitrosopropiophenone in the hot water bath. 

Reagejits 

Sulfuric-phosphoric add mixture (1). 1 volume of concentrated sulfuric 

acid, 3 volumes of syrupy phosphoric acid, and 1 volume of water. 

a-IsonitrosopropiophenonG.^ 4 gm. in 100 cc. of alcohol. 

Slock standard solution of urea. 10.7 mg. of urea in 100 cc. of water. 
Stored in the ice box; prepared fresh monthly. 

Working standard solution\ 0.0107 mg. of urea per cc., containing 0.005 
mg. of urea N per cc. To prepare the working standard, 1 cc. of stock 
standard is diluted to 10 cc. with water. 

Acetate buffer. 10 gm. of sodium acetate Na(D 2 H 302 * 3 H 20 and 10 cc. of 
glacial acetic acid made up to 1 liter with water. 

Procedure 

Preparation of Blood Filtrates — ^Filtrates prepared according to the 
method of Somogyi (5) , Fujita and Iwatake (6) , or Miller and Van Slyke (7) 

1 Obtained from the Eastman Kodak Company, or from Anachemia, Ltd., Mon- 
treal. Canada, and 70 East 45th Street, New York 17. 
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are suitable.- Dialysates prepared according to the technique of Hamilton 
and Archibald (9) are equally satisfactory. 2 cc. aliquots of a i : 10 filtrate 
or dialysate are used when the blood urea level is \\ithin normal limits. For 
uremic blood greater dilution than 1:10 is used. Each 2 cc. portion i$ 
measured into a reaction tube and mixed with exactly 5 cc. of w'ater. 

pTeparalwn of Urine — Urine of adults is diluted according to the volume 
excreted per minute, as shovm m Table I. For children the ohsen^ed urine 
flow^ is corrected for the size of the patient, according to the directions of 
McIntosh, MpUer, and Van Siyke (10), and the corrected volume per min- 
ute is applied to Table I. The urines can be diluted in large graduated 
cylinders with as great an accuracy as the rate of urine flow’’ is ordinarily 
measured. 

Urines containing more than 0.5 per cent protein should be cleared of 
protein before dilution. Urine containing 0.5 per cent protein after dilution 
to 1:500 contains 0.01 mg. per cc. This amount of protein causes an error 
of +1 per cent. To free urine of protein, add to 5 cc. an equal volume of 
acetate buffer. The mixture then has a pH betw^een 4 and 5. The urine 
is brought to 100^ and the precipitated protein is removed by centrifugation 
or filtration. The protein-free solution is then diluted, as indicated in the 
last column of Table I, to give the urine dilution indicated by the middle 
column. 

Of the diluted urine 2 cc. are measured into a reaction tube and nrixcd 
with 5 cc. of water. 

Thymol should not be used as a urine preservative, because if more than 
0.001 gm. is present in the final solution analyzed it causes turbidity* 

Preparation of Reagent Blaiik a)id Slnyidard ^ — ^Reagent blank and stand- 
ards are prepared by adding to reaction tubes 0, 2, 4, and 6 cc. portions o 
working standard and 7, 5, 3, and 1 cc., respectively, of water. 

Development of Color — ^To the 7 cc. of fluid in each tube of blood flltm e, 
dilute urine, blank, or standard, add 5 cc. of the sulfuric-phosphoric aci 
mixture and 0.40 cc. of the alcoholic solution of a-isonitrosopropiophenone. 
The contents of each tube are mixed thoroughly. The tubes tne 
closed with their perforated rubber stoppers and are placed in a boiimg^^'f 
bath from which light is excluded. The water in the bath should 
above the level of liquid in the tubes. After exactly 1 i^onr of hea mg 


» The amount of urea in the Folin-Wu (S) filtrate has been shovvn by 
urement to be no less than in the other filtrates. Nevertheless w 
(8) filtrates of dog whole blood are compared with standards J^P^jorimetric 
tungstate or sodium sulfate is added, the values obtained for . gjtrates or 

method average 10 per cent lower than values obtained with ® 
with the dialysate. For this reason FoUn-Wu filtrates are not rec 
\n the colorimetric determination of urea. 
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tubes are set in a covered kettle containing water at room temperature. A 
large kitchen pot, the lid and inside of which have been painted black, serves 
well. After 15 minutes, readings are taken in a colorimeter or in a spectro- 
photometer set at wave-length 540 m/x with the optical density of the re- 
agent blank adjusted to zero. When a visual colorimeter is used, it is 
important to select a standard which has a color depth almost equal to that 
of the sample. 


Colculations 

When the photometer is used, a curve is constructed by plotting the mg. 
of urea in the standards against the corresponding optical densities. From 

Table I 


Relation of Urine Flow to Dilution Required 


Corrected urine flow 

D » dilutions for urines containing 
less than 0.5 per cent protein 

Dilutions for urine filtrate after 
coagulation of protein 

cc. per min. \ 

<0.2 

1:1000 

1:500 

0.2- 0.5 


1:375 

0.5- 1.0 


1:250 

1.0- 2.0 


1:150 

2.0- 4.0 

1:200 

1:100 

4.0- 9.0 

1:120 

1:60 

9.0-15.0 

1:50 

1:25 


the optical densities of the samples the mg. of urea (P) in each are read oif 
from the curve. 

Mg. urea N per 100 cc. blood or urine 50DP 

where D = the number of volumes to which 1 volume of blood or untreated 
urine was diluted. 

When a visual colorimeter is used 

S 

Mg, urea N in sample ^ ^ ^ Jj 

where S = the reading of the standard; U - the reading of the unknown; 
and C == the number of mg. of urea N in the standard. 

S 

Mg. urea N per IQO cc. blood or urine = 50DC X 

where D = the number of volumes to which 1 volume of blood or untreated 
urine was diluted. 
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In the case of normal blood D = 10 and C == 0.03. Hence 

S 


Mg, lirea N 'per 100 cc, blood 15 


U 


Mg. of urea N are converted to mg, of urea by the use of the factor 2.143. 

Discussion of Method 

The color produced by reaction of urea \vith a-isonitrosopropiophenone 
in acid is red. The structure of the product is unkno^vn. As is the case ia 
the diacetyl-carbamido reaction (1), the color obtained is photolabile. 
Hence it is necessary to keep the tubes in the dark during and after heating 
until they are read. The color obtained under the prescribed conditions 
is stable in the dark for more than 24 hours. Aiter 24 hours, less than 0.5 
per cent of the color is faded. 

The advantages of a-isonitrosopropiophenone over diacetylmonoxime 
for determination of urea are (1) the reagent is less volatile; (2) the product 
has a red rather than a yellow color and is more readily compared by the 
(3) the reagent is relatively less sensitive to citrulline and other urea 
derivatives than is diacetylmonoxime; therefore it is more specific for urea 

For some purposes it may be desirable to reduce the time of heating. 
Wiien large concentrations of allantoin are present (as in the case of unne 
other than human), the specificity of the method can be increased by reduc- 
ing the heating period to 20 minutes. Under tliese conditions, althoug 
only 27 per cent as much color is obtained \s*ith urea, only 4 per cent as muc , 
color is obtained with allantoin (see Fig. 3) as when the heating is for 
minutes. The specificity of the reaction in the presence of allantoin can 
further increased by reducing the concentration of sulfuric acid in the aci 
mixture (1). Lower dilutions of urine or blood will be required when t e^e 
alternative conditions are employed. 


Results 

The optical density curves of the colored products obtained ^vith 
blood filtrate under the con(htions of analysis outlined above are 
Fig. 1 . It will be noted that th^ curves y ielded by blood filtrates are 
cally identical with curves yielded by pure urea solutions of sinn ar^ 
content. This close approximation to identity is evidence in 
probability that no significant part of the optical density in the u n 
of the curve obtained with blood filtrate is due to substances o c 

colored product of urea. ^ u rulline and a 

The optical density curves of the products obtained wit i c 
number of other compounds are indicated in Fig. 2. As ^ 

(1), citrulline is present in normal blood plasma in concen 
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from 0.3 to 1.5 mg. per 100 cc. However, as the concentration of citrulline, 
weight for weight, is only one-tenth to one-fiftieth that of urea, and as the 
sensitivity of the method, weight for weight, is 30 times less for citrulline 
than for urea, the error introduced by citrulline is insignificant, and the 
removal of citrulline from plasma by adsorbents (1) is unnecessary. 



Fig. 1. Optical density curves of urea standards ; Somogyi filtrates of human blood. 
8 cc. of the filtrate were heated 60 minutes at 100° with 5 cc. of sulfuric-phosphoric 
acid mixture and 0.40 cc. of 4 per cent a-isonitrosopropioplicnonc. The curves ob- 
tained with a blood filtrate of patient T. S. and the adjacent urea standard were 
obtained on a Coleman spectrophotometer No. 10-S which has two diffraction grat- 
ings. Curves obtained with filtrates of patients A. S. and D. W. and the adjacent 
urea standard were obtained on a Coleman junior spectrophotometer which has 
one grating. 

Fig. 3 shows the rate of color development in standard solutions heated 
under the conditions prescribed for analysis. 

The optical density developed in a solution when a-isonitrosopropiophe- 
none is heated in acid with different concentrations of urea does not vary in 
exact proportion to the urea concentration. Fig. 4 shows tliis clearly. 
When the optical density is greater than 0.5, calculations based on Beer's 
law do not hold. (A similar disparity is showm when the color is developed 
Avith diacetylmonoxime (1).) When calculations are based on a calibra- 
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tioR curve, determinations of blood and 
obtained by speciac urease methods. 


urine urea agree well with figures 



Wavelength, nyx 

Fia, 2. Optical denaitiea of products obtained with substances giving color on 
heating in. acid with a-isonitrosopropiopheiione under the conditions prescribed for 
measurement of urea. The weights indicate the amount of substance present m 
6,20 cc. of the mixture heated 60 minutes at 100®. The volume of mixture heated m 
this case is half that prescribed for routine determination of urea. 

Table II compares the blood and urine urea levels found by this method! 
with values obtained by the manometric urease method (2, 3)» 


Specificity of the Method 

'No color formation results when armnoma, urethane ^ thiourea, benzimida 
2ole, proKne, ornithiTief glutamine, asparagine, glutamic acid, emmo 



optical density (A= 540 jnyt) 
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pyrrolido7iccarhoxylate, glxUathioney ergothioneiney caffeine j adenine, hy- 
danloin, acetamide glycocyamine, or creatine is heated under the conditions 
prescribed for urea determination. 

Alloxantin and uric acid in relatively high concentrations give a trace of 
red, Parahanic acidy alloxan, alloxan treated with KCN, biuret, aUantoin, 
and protein give a strong color resembling the red obtained with urea. 
Phenylurea produces relatively little color. Melhylurea reacts to yield a 
strong red color mth an absorption maximum (525 mg,) lower than that 



Fig, 3. Rate of formation of color at 100° in reactions of substances with the same 
concentrations of a-isonitrosopropiophenone and sulfuric-phosphoric acid mixture 
prescribed for the measurement of urea. The weights indicate the amount of sub- 
stance heated in the 6.20 cc. of mixture. This volume of mixture is half that pre- 
scribed above for routine determination of urea. 

obtained mth urea (540 mp). 10 mg. each of N-hemyl-N-meihylureaj^ 
N-ethyl-N^o-ethylphenyl-N^-dibenzoylurea,^ and N-ethyl-N-2,4‘dimethyl- 
phenyUN'-^eihylurea^ yield no color with a-isonitrosopropiophenone when 
heated under the prescribed conditions for 1 hour. Under the same condi- 
tions 10 mg. of N-hydroxyethyl’-N-phenylurea^ and N-2-melhyl-/rhT07no- 
phenyl-N^ ’■ethylurea^ give only a trace of color, similar in shade to that ob- 
tained with urea. 

* These urea derivatives ^Ve^e obtained through the courtesy of Dr , Richard 
Baltzly of the Wellcome Research Laboratories, Tuckaboe 7, New York. 
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Thymol, which in the diacetyl reaction yields a color resembling that 
obtained with citrulline (1, 11), gives no color ivith a-isonitrosopropiophe- 
none but causes the development of turbidity if the sample contains more 
than 0,001 gm. 

Barbituric acid reacts to give a yelloiv color with an absorption maximuni 
near 450 mp. Except ivith very high concentrations the product caibes 
insignificant absorption at the wave-length used for measuring urea. 



1-Ig upea Keated Total volume of solution 12 4cc. 


Fig. 4. Relation between the optical density at wave-length 540 m/i an e 
amount of urea heated. The conditions were as prescribed in the 
routine analysis for urea The volume of mixture heated was twice tint use m 
cases illustrated in Fig. 2 or Fig 3 

As indicated in a picvious communication (1), alloxan is absent fiom no^ 
mal dog and human plasma and urine, indeed it is lapidly destroye 
these media. This conclusion has been reached by the apphea ion 
.several methods for the determination of alloxan to be published s lor 

Nature of Chromogenic Reaction ^ 

Although the mechanism of the leaction involved in the 
color is unknown, some clues as to its nature can be obtained from 
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of tlie structure of the dike to derivatives and the urea derivatives which 
react, Lang (12) pointed out that, in the case of color formation mth 
guanadine derivatives in alkaline solution, the two carbonyl groups of the 
diketo compound must be adjacent. The same may be said of the 
carbamido reaction with a'isonitrosopropiophenone, Benzil, CaHs-CO* 
CO-CsHs, does not react to yield a color. Lang (12) stated that at least 


Table II 


Comparison of Whole Blood Urea N, Urine Urea iV, and Urea Clearances 
by Colorimetric and Manometric Urease ^^ethods 


Subject 

Diagnosis 

Whole blood urea N* 

Urine urea N* 

Urea clearance 

Colori- 

metric 

methodt 

llajiomet- 
ric urease 
method 

popaj 

Colori- 

metric 

method 

Manomet- 
ric urease 
method 

Colori- 

metric 

method 

Manomet- 
ric urease 
method 



mg. per 

mg. per ■ 


mg. per 

mg. per 

per cent 

per cent 



100 cc. 

WO cc. 


WO cc. 

WO cc. 

of normal 

of normal 

G. P. 

Chronic nephritis 

27.8 

27.0 

1 

516 

478 

42.1 

43.0 





2 

173 

173 

43.0 

44,0 





3 

239 

232 

37.9 

37.0 

iM. B. 


12.2 

11.9 

1 

1111 

1040 

133 

129 


1 1 

1 


2 

1296 

1218 

134 

131 





3 

791 ! 

776 

108 I 

104 

A. C. 

<< ti ^ 

33.3 , 

33.7 

1 

310 

307 

31.1 1 

30.4 






269 

267 

32.5 

31.9 

C. T. 


10.1 1 

9.7 

1 

152 

146 

128 

128 


1 Healed 



2 , 

107 

107 

1 148 

1 152 


1 



3 

134 

118 

98 

98 

A. Si. 




1 

668 

660 







1 2 

287 

i 292 


1 

J. A. 

1 “ nephrosis ! 

10.2 

1 10.2 

1 

127 

1 123 

91.1 

88.0 



[ 


2 

107 

' 108 

65.4 

66.0 


1 

1 


3 

, 387 

363 

85.3 

81.0 

L. R. 

1 Latent nephritis 

1 10.9 

1 10.4 

1 

1 131 

122 

158 

156 


1 

1 


2 

! 86 

86.7 

127 

134 





3 

303 

290 

128 

128 

A. St. 

** nephrosis 

i 


1 

1132 

1147 




1 

1 


2 

, 879 

870 




* These figures can be converted to urea by the factor 2.143. 
t These values were obtained on Somogyi filtrates. 


one NH 2 of the guanidine derivative must be free. This is not strictly true 
in the case of thb carbamido reaction. A compound of the structure 
R1NHCONHR2 has been listed above as yielding a small amount of color 
with a-isonitrosopropiophenone. It yields much more color on 10 minutes 
heating in the diacetyl-carbamido reaction.^ 

^ R. M. Archibald, unpublished results. 
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Amides with the group R-CONHa (acetamide, asparagine, glutainine) do 
not yield color in acid with either diacetylmonoxime or a-isonitrosopropio- 
phenone. Mono-substituted urea derivatives, R-NHCONHg (methylurea 
or phenylurea or citrulline), react, giving much more color ivith diacetyl- 
monoxime than with a-isonitrosopropiophenone. A^inmetrically disub- 
stituted ureas, R1R2NCONH2, yield insignificant amounts of color with 
either reagent. Compounds of the structure RANCONHR3 or RiRr 
NC0N(R3)2 yield no color. 

As indicated previously (1) diacetyi and its mono- or dioxime yield the 
same shade of color in the carbamido reaction. The intensity of color 
obtained, however, is slightly greater when the monoxime is used. Bea- 
zoylacetyl and its monoxime, a-isonitrosopropiophenone, likewise yield the 
same color. It is apparent therefore that the isonitroso group is not essen- 
tial to the reaction. 

Lang (12) observed that benzoylacetyl in alkaline solution could replace 
diacetyl as a reagent for the determination of guanidine derivatives. In- 
deed he developed a colorimetric method for creatinine and arginine which 
involved use of benzoylacetyl. As far as the author is aware, this reagent 
or its monoxime has not been used in acid solution heretofore for the deter- 
mination of carbamido compounds. 

Use of Method for Urea Clearance 

Van Slyke and Cope ((13), (3) p. 935) described a colorimetric method for 
the determimation of urea clearance. This involves dilution of urine to 
such an extent that, if the clearance is average normal, the urea concentra- 
tion in the diluted urine equals the concentration in the blood. The urea 
contents of the diluted urine are then directly compared in a colorimeter; 
the ratio of the readings indicates the clearance value. This procedure to, 
over one requiring separate determinations of blood an< urine urea contentSi 
two simplifying advantages : (1) only one colorimetric 1 wading is required or 
each clearance value instead of two; (2) no standard solutions are require . 
Van Slyke and Cope decomposed this urea with urease and used the ness er 
ized solutions for colorimetry. The procedure of Van Slyke and Cope is 
rendered still simpler if the present colorimetric method is used. 

Accuracy of the Method 

There is present in Imman urine and blood material other than 
which reacts with a-isonitrosopropiophenone (and to an even greater ex 
with diacetyl). Probably part of this material is aliantom. .^jount 

In blood the amount of this material is slight compared ivith ® 
of urea. It is only enough to raise the apparent urea nitrogen e 
by the colorimetric method by 0.0 to 0.8 mg. per 100 
determined with urease, as exemplified by the results m Tab e 
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Urine urea values (Table II) obtained by the colorimetric method average 
2.8 per cent liigher than those obtained by the manometric urease method. 
The standard deviation from this mean difference for Uventy-two specimens 
(eight patients) is ±3.0 per cent. Because urea clearance values are calcu- 
lated from the ratio of the urea concentration in blood to that in urine, the 
small positive errors in the concentrations determined colorimetrically in 
urine and blood approximately compensate each other. The positive 
errors in the urine are slightly larger than in the corresponding bloods, and 
urea clearances determined colorimetrically (Table II) average 0.8 per cent 
liigher than those determined by the gasometric urease method. The 
standard deviation from this mean difference is ±2.6 per cent. The agree- 
ment with the clearances determined by the manometric urease method is 
somewhat better than that obtained by Van Slyke and Cope (13) using 
colorimetry based on nesslerization. 

The colorimetric method at present cannot be recommended for the deter- 
mination of urea when a high degree of accuracy is required. However, the 
magnitude of the error in the colorimetric determination of urine urea is 
usually much smaller than that involved in the measurement of the rate of 
urine flow. Incomplete emptying of the bladder during urea clearance tests, 
especially ivith small urine flow, leads to errors much larger than those 
involved in measurement of urea concentration. Therefore the method, as ^ 
it stands, ivill be sufficiently accurate for most clinical purposes. 

It is hoped that at some future date there will be opportunity to investi- 
gate more extensivel 3 ’' the cause, frequency, and degree of deviation of the 
colorimetric urea results so that a modification of the method may be used 
for the accurate determination of urea. 

The author is indebted to Dr. F. C. Uhle for the suggestion that a-isoni- 
trosopropiophenone might be a less volatile substitute for diacetyhnonox- 
ime in the colorimetric determination of urea, 

SUMMARY 

1. A simple colorimetric method for the determination of urea has been 
outlined. It is based on the red color formed when urea is heated in acid 
ulth a-isonitrosopropiophenone. 

2. Neither ammonia nor products ordinarily encountered in human blood 
filtrates interfere appreciably vdih the analysis. 

3. When applied to urine, the method gives urea values averaging 2.8, 
per cent higher than the concentrations indicated by the urease method. 
Hence application to urine is limited to cases in which approximate values 
suffice; it is not recommended for exact determination of the nitrogen distri- 
bution among urinary constituents. 

4. The method lends itself well to determination of urea clearances by 
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direct colorimetric comparison of diluted urine with blood filtrate, as de- 
scribed by Van Slyke and Cope. It is more convenient than the nessleri- 
zation procedure ^Yhich these authors used, and yields results agreeing more 
closely with those obtained by the exact manometric urease method. 
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THE SYNTHESIS OF UREA FROM GLUTAIMINE 
BY LIVER EXTRACT 

By REGINALD ARCHIBALD 

{From (he Hospital 0 / The Rockefeller Institute for ^^ed^cal Research, lYeie York) 
(Received for publication, November 9, 1944) 

Leuthardt and Glasson {1, 2), Krebs (3), and Bach (i) have shown that 
slices of fasting guinea pig liver convert glutamine (and to a much smaller 
extent asparagine and glutamic acid) to urea. The present report shows 
that the enzj^me responsible for this conversion can be extracted from liver 
cells of guinea pig, beef, dog, and human, dialyzed, and separated from 
insoluble debris, that it is relativel3’‘ heat-stable, is not inhibited by bromo- 
sulfalein, is markedly inhibited by ej’^anide, and is active after precipitation 
from aqueous solution hy an equal volume of acetone. Either the system 
is reversible or another system is present which removes urea as it is formed. 
The concentration of urea reaches a maximum long before all the glutamine 
is utilized. 

Method of Preparation of Extract 

Liver, either fresh or stored frozen on solid CO2, is sliced, placed in a War- 
ing blendor with 3 volumes of water and L gm. of iVrnCl2*4H20 per 10 gm. 
of tissue, and homogenized for 10 minutes. It is then heated to 50° for 20 
minutes and centrifuged. 

The clear supernatant is then chalyzed for 2 hours in sausage casing 
against 100 volumes of distilled water in a shaking machine. This serves 
to remove preformed urea, glutamine^ and arginine, citrulline and ornithine, 
thereby reducing the enzyme blank. The preparation at this stage may be 
stored frozen in solid CO2, or as a powder after drjdng from the frozen state. 

Alternatively, after heating the mixture to 50° the supernatant may be 
cooled to 0° and treated in the cold room with ^ volume of cold acetone. 
The precipitate obtained is centrifuged off and discarded. It contains only 
an insignificant portion of the acthdty. The supernatant is treated wdth 
half its volume of cold acetone and the precipitate obtained on cold centrifu- 
gation is washed with acetone and dried in a vacuum desiccator. The 
supernatant, which contains among other things the substances which lead 
to high blanks, is inactive and is discarded. 

Discussion of Method of Preparation of Extract 

Heating to 50° inactivates a number of enzymes, including glutaminase, 
and precipitates many proteins without decreasing the actinty of the 

^ Hamilton, P. B., unpublished work. 
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preparation. The addition of MnCls is not essentiaJ hut aids in remoriiig 
inactive protein. Its use neither increases nor decrejises the activity of the 
preparation. As has been sho^vn by the authoi-^ (5), 3 uch treatment causes 
activation of the arginase present. 

Method of Testing Activity of Extn^cis 

To tubes containing 1 cc. of 1 per cent solution of glutamine and 1.0 cc. 
of 0.5 M sodium phosphate buffer of pH 7.10 are added 0.5 cc. portions of 
the 25 per cent extracts to be tested. In control tubes 1 cc. of water re* 
places the 1 cc. of glutamine solution. After 30 minutes incubation at # 
the tubes are placed for 4 minutes in a boiling water bath to inactivate the 
enzyme, then centrifuged, 2 cc. aliquots of the supei’uatants are dialyred 
for 2 hours against 10 cc. of water in the dialysis units described by Hamil- 
ton and Archibald (6). 

^ Urea is determined coiorimetrically according to the technique of Archi' 
(7). 4 cc. aliquots of dialysate are heated in a boiling water bath for 
\ Yiour wVtlh ^ cc. oi phosp\ioric-su\iuric acid imxturd^ ^ 

cent a-isonitrosopropiophenone in alcohol. Appropriate standards and re- 
agent blanks are heated at the same time. 

The specificity of the enzyme reaction has been checked by treating the 
dialysates with enough dialyzed (8) urease to destroy u^ea. Such treatment 
decreases the color obtained in dialysates of liver extract digests to tba 
found in the reagent blank. 

Discussion of Results 

The amounts of urea formed when different substrates and inhibitors and 
sources of enzyme are used are indicated in Table I. H will be fbserve 
that the enzyme is not adherent to the insoluble cellular debris, smce i 
slightly more concentrated in the clear solution than in the who e • 
It is present in dog, beef, guinea pig, and human Extracts ^ ® ’ 

beef, and human liver in 25 per cent glycerol heated to 50^^ according 
directions of Hunter and Dauphinee (9) for preparation of 
storage for 4 years at 4^^, contain, besides arginase, considerable an 
nearly all of the original activity of the enzyme 
synthesis and removal of urea. It is not activated by uddition o 

» Van SlyJce, D. D , Archibaid, K. M., and Rieben, W. K., unpubliahed 
Hunter and Downs quote unpublished work of R. M. acids and d 

»To maintain the same concentration of sulfuric and pnO ^ urea 

adsoiutrosopropiophenone as is prescribed for the routine 3 veJimies ri 

the acid mixture is prepared by mixing 1 volume of sulfuric 
phosphoric acid {without the addition of 1 volume of water). 
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Table I 

C/rea Formed from Glutamine by Extract of Liver in SO Minutes at 40° 


Substrate, 1 cc. 

Liver extract 
from 

Molar phosphate 
bufler, 1 cc. 

Enzyme preparation 
Concentration, 1 part liver, 3 
parts water 

0,5 cc. 

Added 

Urea 
in 2.5 
cc. 

digest 



pu 



mg. 

Glutamine 

Dog 

7.1 

Liver mash unheated dialyzed 


0.013 

1% 



(whole) 






Liver mash unheated dialyzed 


0.025 




(supernatant) 






Liver mash unheated dialyzed 

Bromosulfalein 

0.040 




(whole) 

100 mg. 





Liver mash heated to 50° (su- 


0.047 



i 

pernatant) 






tt c< 

Bromosulfalein 

0.059 





100 mg. 





(( u 

1 

KCN to give 

0.006 





0.008 M 





1 Liver mash heated to 60° (su- 


0.066 



1 

pernatant) 






Liver mash heated to 70° (au- 


0.007 




pernatant) 






Liver mash heated to 100° 


<0.002 




(supernatant) 





1 

Liver mash heated to 50° with 


0.051 




MnCL (supernatant) 



Glutamine 

1 Human 1 

7.1 

Liver mash heated to 50° (su- 


1 0.037 

1% 

2 


pernatant) 


0.045 


3 




0.040 

Glutamine 

Beef 

7.1 

tl tc 


; 0.014 

1% 






Glutamine 

Guinea 

6.50 

Liver mash unheated dialyzed 


0.052 

1% 

pig 


(whole) 





7.06 

<i It 


0.044 



7.40 

tl (C 


0.028 

Glutamic 

Dog 

7.1 

Liver mash heated to 50° di- 


0.016 

acid 1% 

1 


alyzed (supernatant) 



and NaOH 






to pH 7.1 






Asparagine 



tl It 


0.027 

1% 
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nifcitcris^ls tested but is mbibited by KCN Tbe increased activity 

resulting from heating whole liver mash, or from addition of bromosuKalein 
to xmheated liver, is due presumably to the resulting inactivation of gluta- 
minase. Bromosulfalein, which inhibits glutaminase (10), does not alter 
the activity of preparations which have been heated to 50° or more. The 
production of urea under conditions in which glutamine hydrolase is inactive 
is indication of the validity of the contention of Leuthardt (11) that urea 
production from glutamine does not involve preliminary hydrolysis of the 
amide group and subsequent synthesis from ammonia and carbon dioxide. 

The pH optimum for the reaction is about 7,0 or less, in contrast to the 
optimum of arginase, which is about 9.4, This fact, as well as the fact that 
manganese treatment, which causes a 2- to 3-fold activation of arginase, did 
not increase the concentration of urea attained, suggests that arginase is 
iither not involved in the reaction, or at least that its Activity is not a limit- 
ng factor. Further, the use of borate buffer (which markedly inhibits 
irginase) does not inhibit urea formation by this enzyme system. Since 
:ell-free extract of liver cannot convert citrulline to arginine, it is unlikely 
AGrahy’ cymV ^ m ihhf c^^actloa studied here. 

Ornithine, phenylacetic acid, and penicillin have no effect on the activity of 
the preparation or the concentration of urea achieved. 

Leuthardt and Glasson (2) report that vitamin Bx and its phosphate ester 
catalyze urea synthesis in vitamin Bi-deficient rats, We have been unable 
to note any influence of either vitamin Bi or bicarbonate buffer on the 


equilibrium reached in this enzyme system in vitro. 

No urea is formed when glutamine is replaced by aliinine, oniithWt 
line, ammonium pyrrolidonecarboxylate, glycine, adenin^^ ammonium py^^' 
vale, or ammonium chloride. 

The concentration of urea formed by cell-free extract of liver reaches a 
maximum at 38° in about 15 minutes. The concentration of urea achieve 


decreases ^vith decreased concentration of glutamine, but a 20-foId change 
in the concentration of the enzyme is almost without efjfect on the urea con- 
centrations attained. If urea is added to the glutamine-liver extract diges 
to give a concentration greater than that present in the equilibrium mixtum| 
the concentration of urea achieved during incubation is less than the sum 
the amount added and the maximum ordinarily reached. This leads one o 
conclude either that the system is reversible or that at least two 
reactions are involved, one of which causes synthesis of Urea from glutami 
the other removes urea from the system. Work is und^r way whic ^vi 
is hoped, lead to identification of the other products of the reacfcioD' 

* Although cyanide inhibits the reaction, urea formation from the 

require molecular oxygen. The same concentration of urea is /eac e 
oxygen in the system is displaced with water vapor by evacijation as 
present at atmospheric pressure. 



R. M. ARCHIBALD 


523 


present it seems appropriate that assignment of names to the en 23 Tne sys- 
tems responsible should wait until the nature of the products (other than 
urea) has been established. 

Ammonia does not accumulate in the system to an extent greater than is 
to be expected from the spontaneous breakdown of glutamine in phosphate 
buffer.- .tVmmonia is not the product resulting from the disappearance of 
urea from the system. 

The presence of these enzyme systems in arglnase preparations leads one 
to consider again the specificity of the enzymatic determination of arginine 
in enzymatic or acid hydrolysates of protein containing glutamine and 
asparagine or the corresponding dicarboxylic acids. If during incubation 
with the arginase preparation urea is S3mthesized from sources other than 
arginine, results would indicate too high a concentration of arginine. If, 
on the other hand, urea is removed by the system, results would appear too 
low. Fortunately, however, in such analysis arginase usually acts at a pH 
well above the optimum for urea synthesis from glutamine. Also, in the 
products of acid hydrolysis of proteins, no glutamine is present, since the 
conditions of the hydrolysis convert it quickly into glutamic acid and 
ammonia. 

avmiAUY 

1. Celhfree extracts of beef, dog, guinea pig, and human liver form urea 
from glutamine. 

2. At 40° urea concentration reaches a maximum in 15 minutes, which 
corresponds to a transformation of 3 per cent of the amide N or amino N of 
glutamine to urea nitrogen. 

3. Formation or accumulation of urea is prevented by the presence of 
cyanide, but is not affected by absence of molecular oxygen. 

4. Ammonia is not a product of the reaction involving removal of urea 
from the system. Formation of urea from glutamine does not involve hy- 
drolysis of the amide link by glutaminase. 
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BLOOD ALLOXAN AND BLOOD GLUTATHIONE IN RABBITS 
INJECTED WITH ALLOXAN* 

By RACHEL S. LEECH and C. CABELL BAILEY 
{From the George F. Baker CL’mc, New England Deaconess hospital, Boston) 

(Received for publication, September 21, IQ-U) 

Although the production of diabetes (1—5) in animals as a result of alloxan 
injections is now an established fact, little infonnation is available pertaining 
to the biological activity of the drug. Ob\dously, any means of revealing 
the course of the injected alloxan will be of value in understanding the 
mechanism of its action. Two procedures have been developed in this labo- 
ratory which may be used in determining blood alloxan. Although neither 
of these gives a specific test for alloxan, we feel that the procedures have 
enabled us to follow blood levels of alloxan in injected animals with con- 
siderable accuracy. The methods with the results of their application, to- 
gether with a study of some biochemical reactions following the injection of 
alloxan, comprise the basis of this paper. 

In 1932 Lieben and Edel (6) used the reaction het^veen ammonium sulfide 
and alloxan in a quantitative colorimetric estimation of alloxan. The color 
produced by ammonium sulfide is very unstable and the proportionality 
between color and concentration of alloxan holds oidy over extremely 
limited ranges. In our hands it did not prove satisfactory. This procedure 
is the only report on a quantitative method for measuring alloxan which 
we have been able to find in the literature. 

Determination of Alloxan. Ferricyanide Method . — We have found that 
alloxan may be determined quantitatively through its abihty to reduce 
ferricyanide in the cold, using a modification of the PoVm micromethod (7, 
8) for blood sugar. This reaction can, under properly controlled conditions, 
be used in determining alloxan in tungstic acid blood filtrates in amounts 
varying between 0.05 and 1 mg. 

Before outlining the procedure used for the determination as applied to 
blood containing alloxan from injected animals, a brief discussion of pre- 
Hnxinary work may be helpful. 

First, if a known amount, 0.1 mg. to 0.4 mg., of alloxan is added to a 

* We are deeply indebted to Dr. H. C. Trimbie of the Department of Biological 
Chemistry, Harvard IMedical School, for his valuable advice and assistance in 
this work. We are indebted for technical assistance to IMiss Laura DuBreuil, ^Irs. L. 
T. McDaniel, and Miss Louise Sheldon. 

To the Lederle Laboratories, Inc., of the American Cyanamid Company we are 
indebted for a grant in support of this investigation. The alloxan used was sup- 
plied by the American Cyanamid Company. 
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regular macro tungstic acid blood filtrate of Folin, the alloxan can be 
quantitatively recovered by applying the Folin micro blood sugar procedure 
without heat and comparing the colors obtained with an alloxan standard 
prepared simultaneously, contaming 0.2 or 0.4 mgs of alloxan in water 
solution. Alloxan reduces ferricyanide almost instantly at room temper* 
ature and there is full color development within 5 minutes after the addition 
of the ferric salt. If the reaction is allowed to take place in the dark and 
the colorimetric readings are taken within 5 to 10 minutes, the blank due 
to reagents is minimized and does not introduce gross error if appreciable 
amounts of alloxan are present. As will be discussed later, there is a posi- 
tive error due to the increased reducing ability of alloxan in strong tungstic 
acid, but this error can be largely compensated for by multiplying the result 
by the factor 0.81 (see below). Table I illustrates recovery of alloxan by 


Table I 

Recover^/ oj Alloxan in Tungstic Acid Blood Filirates by Ferricyanide 
Reduction Method 


Filtrate No. 

Allo:can added 

Alloxan recovered 

Per cent rcco\« 



mg. 


1 


0.202 

101.0 

2 


0.191 

95.5 

3 

0.200 

0.196 

98.0 

4 

0.200 

i 0.194 

97.0 

5 

0.200 

0.181 

90.5 

6 

0.200 

0.198 

99.0 


this procedure after its addition to six macro blood filtrates prepared from 
human bloods from the hospital laboratory. , 

Second, the reducing ability of alloxan with ferricyanide is not chang 
if the solution is heated as called for in the Folin micro blood sugar 
cedure. The possibility, therefore, of an inherent error in any 
cyanide blood sugar determination on a blood filtrate containing 
is immediately suggested. Table II illustrates how alloxan may affec 
blood sugar value obtained by this method. As is show in the as ^ 
columns, there is approximate theoretical recovery of the alloxan expre:^ 

as blood sugar (glucose equivalent), ^ 7 the blood 

Third, alloxan does not affect the blood sugar value obtame ^ 
sugar is determined by a micro copper procedure,' in which 
in the protein-precipitating agent as well as in the oxidizing agen . 

lUnpubUshed method of Dr. A. R. Rose of the ^'^dential Insuran^^ ^ 
oil^ewark, New Jersey, given to us through the courtesy of e 
Bxtou, former Medical Director. 
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added to the blood filtrate prepared for this method is ^vithout effect on 
the blood sugar determination, as illustrated in the following experiment. 

Two series of tubes, three in each series, were arranged for the precipi- 
tation of blood for micro blood sugar determinations by the copper method 
and the ferricyanide method, respectively. In each series one tube con- 
tained nothing but the precipitating solutions required for precipitation of 
0.1 cc. of blood by the method to be used. The two remaining tubes in 
each series contained known amounts of alloxan dissolved in a like quantity 
of the precipitating solution, f.e., 1 mg. of alloxan in 10 cc. of dilute tung- 
stic acid. 


Table II 


Effect of Alloxan on Blood Sngar voith Folin Ferricyanide Method 


Blood No. 

Filtrate aliquot 
No. 

Alloxan added 

1 

i 

Blood sugar , 
Folin micro- 
met^iod 1 

1 

Glucose 
equivalent of 
alloxan present, 
theoretical* 

1 

Glucose 
eouivalent 
ot alloxan 
present, 
dctennincdt 



1 

mg. 

mg. per lOO cc. 



1 I 

1 

0 

82 




2 1 

0.24 

; 153 

74 

1 71 


3 1 

0.16 

127 

49 

1 “iS 


4 

O.OS 

103 

25 

! 21 

2 

1 1 

! ^ 

131 




2 

0.16 

! 175 

49 

44 


3 

1 0.12 

171 

37 

40 


4 

1 0.08 

154 

i 

I 23 


* Calculated from the value 0.4 mg. of alloxan 123 mg. of blood sugar, 
t Difference between actual blood sugar and apparent blood sugar value obtained 


with alloxan present. 

From the same sample of venous blood 6 aliquots of 0.1 cc . were precipitated 
in the six tubes prepared above and filtrates made from each tube. Blood 
sugar determinations by the copper method and the ferricyanide method 
were then made on the respective filtrates and, simultaneously in each 
series, on a control containing nothing but alloxan. The following results 
were obtained. 

The control blood sugar value was 123 mg. per 100 cc. by the copper 
method and 128 mg. per 100 cc. by the ferricyanide method. The tubes 
containing alloxan gave results by the copper method of 121 and 125 mg, 
per 100 cc, and the alloxan control gave no reaction. With the ferricyanide 
method blood sugar values of 250 and 183 mg* per 100 cc. w'ere obtained 
with the tubes containing respectively 0.4 mg. and 0.2 mg. of alloxan. The 
alloxan control containing 0.4 mg. of alloxan, gave a glucose equivalent of 
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123. From these results it is evident that alloxan does not affect the copper 
method, while it obviously reduces the ferricyanide in the Folin method. 

It would appear, therefore, that a copper method for blood sugar is defi- 
nitely superior to a ferricyanide method in alloxan work. However, as 
will be shown subsequently, it is only in those bloods taken immediately 
after injection that there may be a significant positive error in accepting 
the obseiwed blood sugar values based on the Folin micromethod as the 
actual blood sugar concentration. With careful technique one may gain 
an essentially true picture of blood alloxan at this point by determimng 
blood sugar b}** the two methods, and converting the difference obtained to 
alloxan. Some illustrations of this procedure are presented in Table III. 

Recovery of Alloxan Added to Human Plasma — As already shown, little 
-difficulty is encountered in recovering aUoxan which has been added to any 


Table III 

illozaji in Blood Calculated from Blood Sugar Values Obtained by Ferricyanide Method 

and Copper Method 


Rabbit Xo. 

1 Bhoct sugar, 
FoHn 

j ferricyanide 

1 method 

Blood sugar, 
copper method , 

Difference 

1 

Bl^od sugar 
difference as 
alloxan* 

dctcrmiaM oy 
ferricyamae 

methodf 

1 

pfr JOO cc. 

mg. per JOO cc. 


tnp. per JOQ cc. 


77 

127 

107 

20 

133 


114 

155 

117 

38 

253 

262 

114 

137 

126 

11 

73 

66 

115 

108 

93 

15 

100 



* Calculated according to formula in text, blood sugar difference X 6.67 = 


alloxan. 

t Present authors’ ferricyanide method (see the text) . 


tungstic acid filtrate. When alloxan is added to whole blood, serum, pr 
plasma, however, there appears to be a rapid destruction of the 
measured by its reducing ability. 0.2 cc. of 10 per cent alloxan ad 
to 2 cc. of fresh plasma and placed in an incubator at 37^ At ^ 
0.1 cc. samples were withdra\vn, deproteinized with tungstic acid, and e 
reducing ability determined by appl3dng the ferricyanide procedure o 
filtrate. The reducing action diminished rapidly (Fig. 1) and almos co 
pletely disappeared in 8 minutes. The probability that at least ^ 
this destruction is due merely to the alkalinizing factors of blood p ^ . 
suggested hy the marked effect an increase in pH has on the re 



maintained at room temperature with butters oi P-o- 
4 cc. aliquots were withdra^vn and the reducing ability was ae 
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our ferricyanide procedure. The reducing ability steadily diminished with 
time. The results are sho\vii in Pig. 2. Similar results were obtained when 
alloxan was partly or wholly neutralized with NaOH (Fig. 3). Since al- 
loxan in phosphate buffers on the acid side of neutrahty tends to show a 
greater reducing ability than alloxan in water, the initial values of the 6.5 
and the 7.0 curve in Fig. 2 exceed 100 per cent. These experiments cor- 



MINUTES AT 37*C 

Fig. 1. Loss in reduoing ability of alloxan in fresh human plasma. The data 
represent per cent of original value. 




Fig. 2 Fig. 3 

Fig. 2. Losd in reducing ability of alloxan in Sorensen’s jr/lS phosphate buffers 
-during 30 minutes at room temperature. Zero minute represents aliquots withdrawn 
immediately after complete mixing. 

Fig. a. Loss in reducing ability of alloxan in solution partially or wholly neutral^ 
ized with NaOH during 30 minutes at room temperature. 

Toborate the findings of Labes and Freisburger (9) who obser\''ed rapid 
destruction of alloxan under some conditions. 

Ferricyanide Method for Determination of Blood Alloxan 
Reagents — 

1. A fresh, accurately prepared strong tungstic acid solution. Introduce 
16 cc. of 10 per cent sodium tungstate into 50 to 60 cc. of water in a 100 cc. 
volumetric flask. Add 16 cc. of § N sulfuric acid, mix, and dilute to 100 cc. 
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with distilled water. This solution is 8 times the strength of the Folk 
dilute tungstic acid (7). 

2. 0.4 per cent potassium ferricyanide solution prepared from the purified 
salt according to Folin (7). 

3. Sodium carbonate-sodium cyanide solution prepared according to 
Folin (7) as follows. To 8 gm. of anhydrous sodiur^ carbonate dissolved 
in about 200 cc. of distilled water in a 500 cc. volumef^i'^c flask add 1.5 gm. 
of sodium cyanide dissolved in 150 cc. of distilled 

to 500 cc. 

4. Ferric iron-gum ghatti solution adapted from FoJhi (§)• Place 20 gm. 
of gum ghatti in an open top bag made of several thicknesses of cheese- 
cloth. Immerse the bag in a liter cylinder filled ^^'ith v.’ater, attaching the 
top of the bag to the top of the cylinder by means of a rubber band. Allow 
to stand overnight. Discard bag and contents. To the gum ghatti solu- 

^ tion in the cylinder add a solution of ferric sulfate prepared as follo\\s. 

'^issolve with the aid of heat in a 250 cc. beaker 5 gn^- anhydrous ferric 

sulfate, 75 cc. of 85 per cent phosphoric acid, and lOd of water. After 

mmng 'fne gum g'ha'tVi soAulion with, the cooled 1 erf ic 
few cc. at a time, 15 to 20 cc. of 1 per cent potassium permanganate. 1 lx 
after each addition. When suflficient pennanganate has been added, t le 
pink color produced by its addition xviil disappear slo'^'b'* 

5. Alloxan standard, (a) Stock standard: Weigh accurately 

alloxan monohydrate and dissolve in 100 cc. of distille^^ water, ^ 
solution will keep at least 1 week in the refrigerator if the original a oxan 
is pure white in color. (6) Dilute standard: A 1;10 dilution in dif'fil ec ja ei 
of the stock. The dilute standard contains 0.1 mg. PCi’ cc, T i « 
standard should be prepared fresh each day. . . 

Standardization of Alloxan Standard — ^Although v'C have 
variation in the reducing ability of various samples of 
mined under the same conditions, we believe standardization o 
against the regular micro blood sugar standard is de^i^'^hle. 
pipette exactly 4 cc. of the dilute alloxan standard into ^ micio 
tube. Add 1 cc. of ferricyanide followed by 1 cc. of cyam 
Mix by rotation and allow to stand 2 minutes at room tempcia^ 

5 cc. of ferric suFate-gum ghatti solution, distilled w>^^cr 
and read against a Folin micro blood sugar standard heated m .jHovnji 
Since the heating factor may vary it is well to and le 

against two or three blood sugar standards heated at dJ in ^vater 

average the results obtained. We have found 0.4 mg. ^ usually 

solution invariably to give a blood sugar equivalent of ggjjts 0.04S 

about 120. Since a blood sugar of 120 mg. per 100 e ‘ jjjcre- 

mg, of glucose, it follows that alloxan in water has 1^ i 
duciug strength of glucose. 
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xVlloxan in a strong tungstic acid solution shows a greater reducing ability, 
becoming 15 per cent that of glucose. The ratio between the reducing 
strength of alloxan in water and in strong tungstic acid averages 0.81. 
Therefore, when alloxan in a strong tungstic acid filtrate is read against a 
water standard of alloxan, it is necessary to multiply the result by 0.81. 
Although an alloxan solution in tungstic acid may be used as a standard, 
it is not so constant as a water standard and, furthermore, shows a marked 
tendency to break down the Prussian blue colloid. We prefer either the 
dilute water standard of alloxan or the regular micro blood sugar standard. 

Procedure — Introduce 0.5 cc. of oxalated blood directly into 9.5 cc. of^ 
strong tungstic acid. Stopper and shake hard immediately. Centrifuge 
and decant the supernatant fluid. (Important: Not more than a few 
seconds should elapse between the withdrawal of blood from the animal 
and the precipitation in tungstic acid. It is our custom to withdraw 2 to 
3 cc. of blood from the rabbit’s heart in a syringe containing oxalate, eject 
it immediately into an oxalated tube, and pipette directly 0.5 cc. into the 
tungstic acid solution . With skill this entire procedure can be accomplished 
in 30 seconds.) The Folin micro blood sugar procedure is then applied to 
the filtrate as follows. 

Pipette exactly 4 cc. of filtrate into a blood sugar tube graduated at 
12.5 and 25 cc. Add in the order given 1 cc. of 0.4 per cent potassium 
ferricyanide and 1 cc. of cyanide-carbonate solution. Mix by rotation and 
let stand 2 minutes at room temperature in a dark comer. Add 5 cc. of 
ferric sulfate-gum ghatti solution and make to volume, either 12.5 cc. or 
25 cc., depending on the color obtained. Keep the tubes away from strong 
light and compare within 5 to 10 minutes in a Duboscq colorimeter with an 
alloxan standard containing 0.2 or 0.4 mg. of alloxan, or a heated micro 
blood sugar standard which has been prepared simultaneously. Under 
these conditions the development of color in the blank is usually not suffi- 
cient to cause serious error. As before stated, alloxan reduces ferricyanide 
almost immediatelj’’ and full color development is obtained uithin 5 minutes 
after the addition of the ferric salt. If the tubes are allowed to stand in 
the light or if the color comparison is not made within the specified time, 
there may be a large positive error in tubes containing small amounts of 
alloxan. 

Calculation — If the determination is made by the ferricyanide procedure 
of the present authors and the color read against an alloxan standard, the 
calculation is 

Reading of standa jj ^ ^ ^ ^ ^ ^ ^ alloxan per 100 cc. blood* 

Reading of unknown 

* 0.81 is the factor used because the standard is in water, while the unknown is in 
tungstic acid. 
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technique which has proved most successful ^Yith us has been for one person 
to mthdraw blood from the heart while another injects the last portion of 
the alloxan solution. A third person precipitates the blood immediately 
upon its withdrawal. From our experience we cannot emphasize too 
strongly the necessity of speed if alloxan, as deterinined by its reducing 
ability, is to be recovered after injection. 

An analysis of the results shown in Table IV indicates that the highest 
concentration of alloxan in the blood of rabbits injected with 200 mg. per 
kilo occurs at the end of the injection and is followed by a rapid fall. Three 
of six rabbits 1 to 2 minutes later show only one-tenth to one-third the 
value found at the completion of the injection, and only two out of eight 
rabbits show as much as a trace of alloxan in the blood 5 minutes after its 
administration. In Rabbits 70 and 76, both of which died immediately 
at the end of the injection, blood was taken during the injection period 
as well as at its completion. Positive tests were obtained in all the bloods, 
the concentration increasing markedly up to the period at the end of the 
injection. 

In all of our experiments on alloxan recovery we have used a 5 per cent 
solution of alloxan and the injection has been made fairly rapidly, varjdng 
from 2 to 4 minutes save in Rabbit 70, which took 7 minutes. In four 
ammals, not recorded in the paper, when difficulty was encountered in 
making the complete injection rapidly at one time, no appreciable amount 
of alloxan was recovered. We feel certain that speed of injection, con- 
centration of alloxan solution, and rapid precipitation of the blood all are 
important factors in alloxan recovery. 

Blood AUoxa7i and Blood Reduced Gluiaihione — Although our early expen 
raents in alloxan recovery were entirely unsuccessful, an analysis of t ^ 
results in these experiments suggested the possibility that a part o ^ 
immediate destruction of alloxan was brought about glutathione, 
apparently simultaneous disappearance of alloxan and of 
ducing substances in the blood, as found in our experiments with t e 
blood sugar methods, indicated such an interaction. Labes an 
burger (9) have suggested the possibility of alloxan reacting with su 
groups. It seemed of interest, therefore, to determine blood 
levels in rabbits injected with alloxan. .^mcd 

The Benedict-Gottschall method (10) as modified by Potter ( 
best adapted for frequent determinations on small samples of oo ^ 
found that satisfactory analyses can be made by this procedure 
of blood which can easily be obtained from the ear vein of a 
rapid centrifugation of the protein precipitate and filtration o 
natant fluid through a small plug of washed cotton, 4 cc. o 
easily be obtained, which is sufficient to give good colonm 
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Eastman Kodak glutathione has been used in making the standards. We 
have used both a standard prepared in HCl as directed in the Benedict 
procedure and a standard according to Schelling (12) in H2SO4. The 
standards check each other and have given essentially the theoretical 
titer with iodate. 

Changes of reduced glutathione in blood have been followed first in con- 
junction wth blood alloxan determinations in six rabbits recei\'ing200 mg. of 
alloxan per kilo, second in a large series of rabbits receiving one single injec- 
tion of alloxan varying from 20 mg. per kilo to 200 mg. per kilo, and third 
in four rabbits over a period of days during the development of diabetes 
through repeated injections of small doses of alloxan. 

In the first series of rabbits, Nos. 71, 77, 114, 115, 116, and 120 in Table 
IV, there is indication of an immediate interaction, the reduced glutathione 
falling to zero or near zero in three out of five cases almost simultaneously 
Avith the disappearance of alloxan. The alloxan determinations and the 
glutathione determinations were made on the same sample of blood \\ith- 
drawn from the heart in the manner previously described. For both deter- 
minations the blood was precipitated as quickly as possible after its with- 
drawal. The disappearance of alloxan paralleling the marked decrease in 
reduced glutathione substantiates the hypothesis of an immediate action of 
alloxan with glutathione through its sulfhydryl group. 

In the second series of rabbits, data in Table V, blood was taken from 
an ear vein at 10 and 30 minute intervals following the alloxan injection 
and between the 24 and 48 hour period subsequent^. Blood reduced 
glutathione changes and blood sugar levels were followed to determine 
whether any relationship existed between the dose of alloxan, blood gluta- 
thione changes, and development of diabetes. The results in this second 
series indicate a tendency for an immediate and marked lowering in blood 
reduced glutathione following the injection of alloxan in doses above 80 mg. 
per kilo. Since in this series no bloods were taken before the 10 minute 
period, the low glutathione figure recorded may not always represent 
actually the lowest point. The glutathione changes, in general, parallel 
the amount of alloxan injected. With small doses, under 80 mg. per kilo, 
only slight changes if any occur at the 10 minute period. Above 80 mg. 
per kilo a marked tendency is observed for the 10 minute postinjection 
blood to be definitely lower than the control blood. The return to the pre- 
injection level shows considerable animal variation but is usually rapid. 
The size of the dose seems to be the chief controlling factor in the time 
taken for recovery. The rabbits receiving 200 mg. per kilo, only two of 
which are included in Table V, invariably show a marked drop in blood 
glutathione. As shown in Table IV, the lowest point in the rabbits injected 
■with 200 mg. per kilo is frequently zero in blood taken at the end of 




Blood reduced glutathione, tnn 

jng. per 100 tc. mg. per 100 cc. 


I After injection 


After injection 



58.6 47.7j 60.5 
38. S 35.0 33.8 
55.8 54.4 53.1 
45.4 42.5 45.4) 40.6 I 130 


33. S 30.7 



Development of diabetes 
melUtus 


50.6 38.6 55.3 



116 1 109 114 

20 112 
135 
60 129 

101 
91 130 

35 119 

142 
54 119 

60 122 

83 240 

164 ! 

I 

78 230 

356 


126 

185 

328 Definite diabetes 

232 

48S Definite diabetes 

580 

314 Transitory diabetes 

181 
132 

392 Definite diabetes 


105 125 


Transitory diabetes 


390 Transitory 

231 . 

416 
180 
log 

Died Definite diabeUs 


40.0*1 109 238t| 460* Killed 

85 00 I 323 5S0 
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rabbits, and in each time group the average has been determined from the 
calculated percentages of the control values. 

The relationship between the glutathione drop and the tendency of the 
animal to develop diabetes is not always definite. (As a criterion for the 
development of diabetes we have arbitrarily chosen throughout all our work 
two blood sugars taken at different times with values over 200 mg. per 
100 cc. with glycosuria. Although \\dth doses of alloxan under 200 mg. 
per kilo there is a definite tendency for the animals to show a transitory 
type of diabetes existing for shorter or longer intervals, we believe that 
during the periods in which the animal shows at least two high blood sugam 
it is truly diabetic.) In doses under 80 mg. per kilo no diabetes developed 
and these animals show little change in glutathione. In 80 mg. per kilo 
doses in three rabbits, one show'ed the characteristic glutathione 10 minute 



Fig. 4. Average reduced glutathione of blood following injection of alloxan. The 
shaded area represents the period of injection. Zero minute represents blood taken 
from the animal as the injection was being completed. Scale for first hour, magnified 
4 times. 

drop and another one developed high blood sugars 2 weeks after injection. 
In doses of 100 to 125 mg. per kilo, in si.x rabbits all showed diabetes, 
I although in this group a definite tendency was observed toward the transi- 
tory type of diabetes reported before. This group shows a definite 
glutathione drop in four of six rabbits in bloods taken at the 10 minute 
period. With doses of 150 and 200 mg. per kilo the production of diabetes 
I is almost invariable and the characteristic initial drop in blood reduced 
glutathione is observed in every case. If one infers that a critical point 
may e.xist as regards glutathione changes and the development of diabetes, 
our data indicate this point to be in the neighborhood of an alloxan dose 
of 100 mg. per kilo of body weight. 

In a third series four rabbits were injected with small doses of alloxan 
and followed for blood glutathione changes during a period of days as 
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diabetes was developing. The first rabbit, No. 58, in this series received 
40 mg. per kilo daily. On the 18th and 20th da}^^ after the injections 
started, this rabbit^s blood sugar had reached a level of 160 and 165 rag. 
per 100 cc., with blood reduced glutathione having increased from control 
values of 38.1 and 37.5 mg. per 100 cc. to 59.5 and 53.9 mg. per 100 cc. 
respectively. On the 2lst day the glutathione was 65.2 mg. per iOO cc. 
and on the 22ad day the blood sugar reached the diabetic level of 268 mg. 
per 100 cc., with the glutathione falling to 48.4 mg^ per 100 cc. Un- 
fortunatelj’' this rabbit was injured from a heart puncture and died as a 
consequence of taking the last sample of blood. 

Rabbit 73 received 40 mg. per kilo intravenously for 16 days and then 
received seven subcutaneous doses of 60 mg. per kilo. Blood sugar changes 
and glutathione changes in this rabbit are shown in Fig* 5. 



100 ~ 




60s 


40 r 


Fig. 5. Blood sugar and blood reduced glutathione during development o ^ 
diabetes in Rabbit 73. The shorter arrows represent 40 mg* at 

the longer arrows, 60 mg. of alloxan per kilo. Subcutaneous iniections s 
the point indicated by the asterisk. 


Rabbit 101 received four 60 mg. per kilo injections ^vith 12 a}S e 
between the first two injections and 3 or 4 days bet^veen t ® 
doses. Definite diabetes developed after the fourth doso- ^ q general 
although some fluctuation occurs in glutathione values, there is n 
rise as shown in Rabbits 58 and 73. 3 to 

Rabbit 102 has received five 60 mg. per kilo doses acfl 

4 days. There has been a tendency for increased bioo S ^ pemian^^^ 
also a transitory type of diabetes, but at the present ^ 
diabetes has developed. two of 

SmtiUaneous Injection of AUoxa7i and Reduced miitau ^yidence of 
the rabbits studied as diabetes was developing gave s 



R. S. LEECH AND C. C. BAILEY 


539 


glutathione acting as a protective agent, this possibility has been tested in 
four rabbits by injecting large amounts of glutathione simultaneously 
with alloxan. 

Rabbits 129 and 131 received an intravenous injection of 400 and 300 mg. 
per kilo respectively of reduced glutathione simultaneously with the injec- 
tion of 200 mg. per kilo of alloxan. Both rabbits died \vithin 12 hours, and 
histological sections showed that the glutathione did not protect the islets 
of Langerhans from the destructive effects of alloxan. The islet changes 
were comparable to those found at similar periods after the injection of 
alloxan alone. 

Rabbit 124 was given 200 mg. per kilo of alloxan and the same dose 
intravenously of reduced glutathione. Diabetes developed in the usual 
manner in this rabbit. 

Rabbit 130 was given 300 mg. per kilo of reduced glutathione Avith the 
simultaneous injection of 150 mg. per kilo of alloxan. The latter dose of 
alloxan alone had previously produced permanent diabetes in two rabbits 
and transitory diabetes in one (Table V). In this rabbit no diabetes devel- 
oped. Further investigation is in progress along these lines, but our present 
evidence would indicate that reduced glutathione in doses of either 400, 
300, or 200 mg. per kilo does not protect the animal from the diabetogenic 
action of 200 mg. of alloxan per kilo. 

DISCUSSION 

The experimental data presented indicate that a large share of injected 
alloxan is probably almost instantly destroyed by the natural neutralizing 
factors of the blood and by interaction Avith glutathione. Whether a small 
fraction which is not destroyed reaches the pancreas intact and acts directly 
on the islets of Langerhans has not been proved. Our experiments would 
indicate that sufficient time elapses before destruction of alloxan is complete 
' to make such direct action possible. 

It is of interest to note here that in tAVo experiments an alloxan solution, 

( neutralized with sodium hydroxide to a pH of 7.4 just prior to injection, 

} failed to produce diabetes Avhen injected in the standard diabetogenic dose 

I of 200 mg. per kilo. Also in tAVO experiments no diabetes was produced Avhen 

i the standard diabetogenic dose of alloxan was allowed to be in contact Avith 

rabbit plasma in one instance and Avith human plasma in another instance 
for several hours and then injected into rabbits. These experiments, taken 
\ in conjunction Avith our observations on the rapidity Avith Avhich our color 
i reaction for alloxan in the blood stream becomes negatix'e, indicate that 
the diabetogenic activity of alloxan is related to reactions involving the 
intact alloxan molecule. 

It seems logical to believe that the active destructive factors ob.'^erA'cd 
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in the blood will be equally effective in destroying alloxan in the ti^ues. 
Preliminary work on tissue glutathione gives some evidence that this is 
the case. Although Liebig (13) and Lang (14) reported the presence of 
alloxan in human urine and in intestinal mucus under pathological condi* 
tions, all of our attempts to determine alloxan as such in tissues have 
been unsuccessful. Unfortunately, neither of the methods described is 
sufficiently specific to be of value in tissue analysis at the present time. 

It is rather difficult from, our present data to interpret the results ob- 
tained from the experiments attempting to relate blood changes in reduced 
glutathione with the development of diabetes. In general, w^e may con- 
clude that with the diabetogenic dose of alloxan the blood glutathione is 
always rapidly and sharply depressed for a w'hile. With smaller doses of 
alloxan and slowly developing diabetes, correlations of blood reduced 
glutathione and onset of the disease are more difficult to make and must 
await additional experimentation. 


TABI.E VI 

Blood Reduced Glutathione and Blood Thionevio i?i Two Rabbits after Injcdxoit of 
Alloxan^ 200 Mg. per Kilo 


Kabbit i 

1 C oQtroI i 

1 1 

1 After ipjectioft 

Control 

1 After injection 

0 mtn. 

10 min. 

30 min. 

0 mtn. 

10 min. 

« 30CUO* 

121 ! 49.9 

122 j 49.4 

25.8 

28.8 

30.3 

21.1 

30.3 

' 0.59 

0.43 

I 0.37 
0.35 

0.33 

0,31 

0.49 

1 


* Expressed as uric acid thioneine (11). 


If the action of alloxan wffiich has been 6bserved with glutathione is a 
general reaction of alloxan acting as a hydrogen acceptor with suifh) rf 
groups, one w'ould expect the action not to be limited to reduced gluta one 
but to include other sulfhydiyl compounds in the animal body. ^ '' 
rabbits w’^e have shown that the blood glutathione drop is directl3’“pii^^ ^ 
Avith a drop in thioneine (ergothioneine) (Table VI). ^ 

If both glutathione and thioneine react with alloxan in the amma o d 
ism it is quite probable that the sulfhydryl group of cysteine nia> a - 
involved and work at present is being directed tow^ard alloxan 

effect of alloxan on cysteine and cystine. Increasing evidence a 
in small doses may produce a transitory type of diabetes ^on- 

periods occur in the development of alloxan diabetes consisten 
dition of a reversible equilibrium of some kind in the amm . 
evidence for the temporary existence of such a reversible s a 
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been demonstrated in findings previously reported of reversible cellular 
changes in very early diabetes (15). Perhaps the understanding of the 
mechanism of alloxan diabetes lies in the understanding of all of the con- 
trolling factors of this reversible equilibrium. At least, since cystine forms 
an integral part of the insulin molecule, the idea of alloxan in large doses 
causing a sudden and profound disturbance in the cystme-cysteine equilib- 
rium presents an interesting theory, 

stTaniARY 

1. A quantitative method for the determination of alloxan in blood is 
presented. This method is based on the ability of alloxan to reduce 
ferricyanide in the cold. 

2. A qualitative color test for alloxan in blood based on its ability to 
reduce tungstic acid at room temperature is described. 

3. Blood alloxan determinations in twelve rabbits injected with a 200 mg. 
per kilo dose 'indicate that alloxan, as determined by its reducing ability, 
disappears almost completely from the blood within 2 minutes. The point 
of highest concentration is at the end of the injection period. 

4. Blood alloxan determinations and blood reduced glutathione deter- 
minations in six rabbits injected with 200 mg. per kilo indicate that there 
is an immediate reaction between alloxan and blood reduced glutathione 
with the tendency for the complete disappearance of both. 

5. A study of blood reduced glutathione changes in relation to the devel- 
opment of alloxan diabetes in rabbits recehong gradient doses of alloxan 
indicates that the critical level where blood reduced glutathione changes 
tend to parallel development of diabetes is about 100 mg. per Mlo. 

6. A study of blood glutathione changes in four rabbits during develop- 
ment of alloxan diabetes through repeated small doses of alloxan suggests 
that blood glutathione tends to be increased over normal during the devel- 
opment of diabetes. 

7. The intravenous injection of reduced glutathione does^iot appear to 
protect the rabbit from the diabetogenic effect of simultaneous injection 
of 200 mg. per kilo of alloxan. 

8. In two rabbits 200 mg. of alloxan per kilo caused a decrease in blood 
thioneine, paralleling the decrease in blood glutathione. 

Addendum^^ome recent samples of alloxan have yielded glucose equivalents of 
J28 to 130 instead of the values 115 to 120 given in the text on p. 530. Since 
writing the paragraph on p. 540, we have had success in demonstrating alloxan as 
such in the tissue of the pancreas in quantities 24 to 56 mg. per cent at the end 
of the injection. 
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VITAMIN INTERRELATIONSHIPS 

IV, FURTHER STUDIES ON THE INFLUENCE OF CHRONIC THIAMINE 
DEFICIENCY ON RIBOFLAVIN METABOLISM* 

Bt BARNETT SURE 

With the TecunicaIj Assistance op Leslie Easterling 
(From Oxc Department of Agricultural Chemistry ^ University of Arkansas ^ Fayelteville) 

(Received for publication, October 25, 1914) 

In 1942 Sure and Ford (1) demonstrated that in acute thiamine deficiency 
there is a marked reduction in the utilization of riboflavin because of poor 
retention, Ferrebee and Weissman (2), however, contend that the large 
excretions of urinary riboflavin we encountered in thiamine avitaminosis 
were produced by body tissue catabolism. That this is not the case became 
evident recently (3) when large urinaiy riboflavin excretions were observed 
in chronic thiamine deficiency in animals kept at maintenance on subopti- 
mum doses of thiamine compared with animals fed iso caloric diets, but 
which received a sufficiency of vitamin Bi. In order to obtain further in- 
formation on thiamine-riboflavin interrelationships, a study was begun in 
March of this year on the influence of chronic thiamine deficiency on ribo- 
flavin tissue metabolism with the further objective of securing fecal as w'ell 
as urinary riboflavin balances, in order to obtain complete information 
on riboflavin utilisation. In the meantime the work of Singher and associ- 
ates (4) appeared, in which they presented evidence that during a depletion 
period of 24 to 28 days the concentration of riboflavin in the liver 
of thiamine-deficient rats ^ras higher than in control animals. From such 
findings they concluded that in vitamin Bi deficiency there are greater 
riboflavin reserves available and they, therefore, disagreed wfith the postula- 
tion of Sure and Ford (1) that there is poorer utilization of riboflavin in 
thiamine deficiency. Contrary to the findings of Singher and coworkers, 
Ferrebee and Weissman (2) found a low'er concentration of riboflavin in 
liver and kidney in thiamine-deficient rats than in controls; neither ^Ya3 an 
increase in riboflavin content of the liver observed in thiamine deficiency 
by Supplee and associates (5). 

In view of the conflicting literature, it is particularly timely to submit 
our detailed data on riboflavin utilization and its concentration in all 
tissues, including the endocrines, in thiamine deficiency. Since border line 

* Research paper No. 797, Journal Series, University of Arkansas. Published 
with the approval of the Director of the Arkansas Agricultural Experiment Station. 
This investigation was aided by a grant from the Williams-Waterman Fund of the 
Research Corporation. 
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rather than marked thiamine deficiencies are more commonly found in this 
country, this investigation was limited to observations in the chronicstatc. 

expeiumeotal 

The experiments were carried out on tlnee groups of albino rats, twenty- 
tour m each group. In each group one-half served as thiamine-deficient 
and one-half as control. Before the termination of the e.\periments one 
vitamn Bi-deficient rat died in Group A; therefore, its control had to be 
eumina ted, leaving twenty-two animals in this group. Group A consisted 
of males which were started on experiments when 43 days old and welgki 
60 to 78 gm. each. Group B consisted of females which were 56 days of 
age and weighed 68 to 88 gra. each when placed on experiments. Group C 
consisted of an equal number of males and females. They were started on 
experiments when 51 days old and weighed 72 to 82 gm. each. The animals 
received a purified synthetic diet of the following composition; casein 
(vitamin-free Smaco) 18, Cellu flour 2, Salts 1 (6) 4, butter fat 5, and 
cerelose 71. As a source of vitamins A and D 3 drops of halibut liver oil, 
and as a source of vitamin E 1 drop of a tocopherol concentrate, were given 
once weekly to each animal. In each group the avitaminotic animal was 
allowed 2 to 4 7 of thiamine daily, wMch was sufficient to keep it from 
developing the characteristic s3anptoms of polyneuritis. The control 
animals were given daily 20 7 of thiamine and isocaloric diets consumed by 
the vitamin Bi-deficient rats. Other vitamin supplements were given daily, 
separately from the ration, as follows: 20 7 of pyridoxine, 6 mg. of choline 
chloride, and 200 7 of calcium pantothenate. The animals in Group A 
received 10 7 of riboflavin daily for 187 days. When it became apparent 
that it was impossible to prevent losses of weight in the Bi-deficient rats on 
the daily dose of thiamine which generally was sufficient for the prevention 
of polyneuritis, the daily dose of riboflavin was increased to 20 y. Main- 
tenance in the thiamine-deficient animals was immediately established when 
a 14 day riboflavin balance study was conducted. The animals in Group 
B received 50 7 of riboflavin daily for 202 days, on which a 2 week riboton 
balance was carried out at the termination of the feeding period. Gm? 

C was given only 5 7 of riboflavin daily for 172 days, in order to proride 
information on riboflavin excretions on a diet deficient in tins vitamin. 

It was possible then to reduce further the daily riboflavin intake to 3 y 
wthout subsequent losses of body weight for a period of 14 
data were obtained on fecal and urinarj’^ excretions of riboflavin. 1 
rats were then given 100 7 of riboflavin daily for another 14 days, 
which period riboflavin balances were secured. Following the conip c 
of the riboflavin balance experiments the animals were sacrificed, an 
different tissues and endocrines from all the deficient and all the con 
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group.s were pooled and analyzed according to methods previously described 
(1). The urinary determinations were made according to modified tech- 
nique recently described (3). In order further to reduce the possibilities 
of bacterial synthesis in the feces (1, 7), the latter were collected tmee 
daily, at 8 a.m. and 4.30 p.m., then covered with petroleum ether in amber- 
colored bottles, and kept in an electric refrigerator at about 1® for a week 
until they were ready for analysis. Our results are summarized in Tables 
I, II, and III. 


/ 

DISCUSSION 

It is apparent from Table I that chronic thiamine deficiency produces no 
disturbance in absorption of riboflavin, a.s evidenced from fecal excretions. 

Table I 

Injluence of Chronic Thiamine Deficiency on Riboflavin TJiilizaiion 
The figures represent averages per animal. The period of metabolism was H 
days in each group. 


Group 

Animals 

Change in 
weight 
during 
metabolism 
period 

Change in 
weight 
during 
entire 
experimen- 
tal period 

Daily 

rjbo- 

davin 

in- 

take 

Total 

rib^ 

flavin 

in- 

take 

Ribo- 

flavin 

ex- 

creted 

in 

feces* 

RiboSavin 

absorbed 

Ribo- 

flavin 

ex- 

creted 

in 

urine* 

Ribo- 

flavin 

re- 

tained 

l-s 

a N 
cu: 

.•a 3 

X 




gm. 

gm. 

7 

7 

7 

7 

per 

eenl 

7 

7 

per 

cent 

A 

11 

Deficient 

4-2,6 

4-58.4 

20 

280 

48.6 

231.4 

82.3 

60.3 

162.1 

70.5 


11 

Control 

4-4.3 

4-97.7 

1 20 

280 

58.6 

221.4 

79.1 

i 23.9 

197.5 

88.2 

B 

12 

Deficient 

4-0.8 

4-40.6 

: 50 

700 

38.0 

662.0 

94.5 

145.2 

1 516.8 

78.1 


12 

Control 

4-2.8 

4-78.6 

SO 

! 700 

46.6 

653.4 

93.3 

56.2 

597.2 

91.9 

C 

12 Deficient 

' 4-1.8 

i 4-37.5 

100 

1400 

1 50.6 

1349.4 

96.4 

267.2 

1082.2 

HIM 


12 

Control 

: 4-4.6 

! 4-76.4 

100 

1400 

105.4 

1294.6 

|92.5 

161.2 

1133.4 

0 


♦Corrected for the amount excreted on a riboflavin-deficient diet. 


However, as recently demonstrated (3), in the same state of Bi avitaminosis, 
uncomplicated by body tissue catabolism, there are large increases in the 
urinary excretion of riboflavin compared \vith those found in control rats. 
On the 20 7, 50 7, and 100 7 riboflavin daily doses, there were reductions in 
utilizations of riboflavin of 17.7 per cent, 13.8 per cent, and 7.4 per cent 
respectively. It is evident then that the animal organism requires higher 
intakes of riboflavin for its optimum utilization when the intake of thiamine 
is inadequate. 

The greater gains in body weight by the control animals, which received 
20 7 of thiamine daily on the isocaloric diets consumed by the avitaminotic 
rats given 2 to 4 7 of vitamin Bi daily, are in accord with our previous find- 
ings (8-10) and with those of Whipple and Church (11), with the results 
of Graham and Griffith (12), and with those of Mitchell (13), that thiamine 
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exerts a specific effect on gro^vth. Therefore, when the animals were sacri- 
ficed for analysis of tissue riboflavin, the vitamin Bi-deficient rats were of 


Table II 

Influence of Chronic Thiamine Deficiency on Riboflavin Content of Various Tissues 

of the Albino Rat 


Tissue 

Group A, 20 y ribo&aviti 
daily 

Group B, 50 y ribofiavin 
daily 

Group C, 100 Y riboflavin 
dally 

Deficient 

1 Control 

Deficient 

1 Control 

Deficient 

1 Control 


Total 

In 

entire 

tissue* 


Tptal 

in 

entire 

tissue* 


Total 

in 

entire 

tissuef 


Total 

in 

entire 

tissuef 


Total 

in 

entire 

tissuef 


Total 

in 

entire 

tissuef 


y per 


Y per 


Y per 


Y per 

■ 

Y per 


y Per 



gm. 


gm. 


gm. 

Y 

gm. 


gm. 


gm. 


Muscle 

1.8 

80.7 

1.5 

88.8 

3.7 

mmm 

IBB 

H 

mm. 

161.7 

wm 


Liver 

45.6 


37.5 

545,6 

Wm 

' 724.2 

76,7 

1077.6 

80.0 

999.2 

56.7 

816.0 

Kidney 

55-5 

211.5 

Wiltl 

Immm 

76.7 


83,3 

271.6 

76.7 

246.2 

66.7 


Spleen 

28.8 

18.4 

8.8 

8.5 

5.6 

H 

IH 

12.5 

12.5 

11.1 

8.S 


Heart 

43.1 

64.2 

19.4 

27.9 

EH 

48.8 

53.3 

82.2 

34.2 

44.5 

22,2 

ijD.O 

Lung 

16.9 

31.3 

8.3 

20.7 

13.2 

20.5 

11.1 

30.4 

15.5 

29.5 

8,3 

22.4 

Stomach 

23.6 

43.7 

8.3 

18.3 

13.3 

29.4 

13.3 


ilOlil 

■MIMf 

9.1 


Pancreas 

23.6 

43.2 

12.3 

26,8 

15.8 

32.1 

24.2 

HIB 

22.5 

46.6 

20.8 

44.2 

Small intes- 













tines 

6.1 

24.8 

9.4 

37.6 

12.6 

52.5 

16.1 

72.3 

14.4 

63.8 

8.3 

Large intes- 













tines 

12.8 

34.6 

4.4 

HE 

11.1 

32.2 

11.7 

29.3 

12.2 


7.8 

21.1 

Brain 

8.3 

21.9 

8.3 

22.3 

7,8 

22.2 

12.7 

38.1 

6.7 

18.9 

7.7 

21.4 

Testes 

13.9 

tlilWl 

7.2 

16.4 

7.5 

10.1 

11.7 

18.7 





Ovaries 





17,7 


33.7 

2.3 

27.4 

4.3 

22-2 

HI 

Thymus 

gmiil 

3.8 

8.5 


36.2 

4.1 

33.3 

10.0 

18.0 

2,S 

23.4 

i.o 

0 7 

Adrenals 

22.4 

1.7 

31.0 



2.4 

28.7 

2.7 

23.4 

1.8 

27.8 


Thyroids 


0.3 

8.7 


SaBI 

0,7 

26.9 

0.9 

21.2 

0.7 

m 

KH 

Pituitary 


0.2 



31,3 


33.3 


m 

0.4 

20 .U 

u.a 

Total in all 
tissues 

1253.5 


1018.6 


1445.3 


2021. S 

1 

1686.1 


566.2 


♦ The tissues from this group were taken from eleven deficient and eleven contr 


t The tissues from this group were taken from twelve deficient 
iats» However, since half of these animals were males and half females, 
and testes represent six of the deficient and six of the control rats. 

I The tissues from this group were taken from twelve of the deficien 
control rats. 


smaller size, weighing an average of 118 gm. each compared wth 160 

each for the control animals. ^ jKAfiavift 

In Table II data are presented on the concentration ot r 
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of all the tibsue^ and endociines, as well as the total liboflavin content in 
the entire animal body of the Bi-defident and control lats. While the con- 
centration of riboflavin in the liver is higher in the thiamine-deficient ani- 
mals in Group A on the 20 7 daily dose and in Group C on the 100 7 daily 
intake, the revei*se picture is found in Group B on the 50 7 daily allowance 
of riboflavin. The significant point about the vitamin content of a tissue 
is not the concentration per gm. but the total amount in the entire tissue 
which, as in the case of the muscles, is dependent on the size of the animal 
which determines the weight of the muscles. In the evaluation of all the 
riboflavin tissue data, it should be home in mind that the control animals 


Table III 

Injluence of Chronic Thiamine Deficiency on Hibofiavin ^^elabol^s7n 
The figures represent averages per animal. The metabolism period was 14 days 
in each group. 


Group 

Daily 

ribo- 

flavin 

intaLc 

Total 

riboflavin 

intake 

during 

metabolism 

period 

Ribo- 

flavin 

ex 

crcted 

in 

feces 

Ribo- 

flavin 

ex- 

creted 

in 

ucme 

Total 
riboflavin 
intake 
during 
entire ex- 
perimental 
period 

Ribo- 

flavin 

10 

tis- 

sues 

Riboflavin 
stored in 
tissues during 
entire 

experimental 

period 


7 

7 

per cent 
of total 
intake 

per cent 
of total 
intake 

per cent of 
total intake 

7 

per cent of 
total intake 

A., deficient 

20 

280 

, 17.4 

1 24.8 


, XU 

5.3 

“ control . 

20 

280 


8.5 

■Si * 1 

93 

4.3 

B, deficient 

50 


5.5 

mi 

Ml m 1 

1 120 

1.2 

“ control 

50 


6.6 

Ira 

BSi S 1 

168 

1.6 

G, deficient 

100 


3.6 

BEl 

2,332t: 

Ul 

j 6.1 

“ control 

100 


6.1 

11.5 

2,332t 

1 131 

5.7 


* This group received the following doses of nboflaviu per animal per day: 10 y 
for 187 days and 20 y for 14 days. 

t This group received 50 7 of 1 iboflavin per animal per day for 202 days. 

{This group received the following doses of riboflavin per animal per day. 5 7 
for 172 days; 3 7 for 14 days; 100 7 for 14 days 


at the termination of the expeuments weighed about 26 per cent moie than 
the thiamine-deficient rats on isocaloiic diets and the same 1 iboflavin intake. 
When we consider the total amount of liboflavin in the liver, kidneys, heait, 
and muscles (which represent over 80 per cent of the total tissues) of the 
avitaminotic and control animals of all the groups, an entiiely different 
picture is appaient. The following are the average figuies:* liver, deficient 
2366; control, 2469; kidney, deficient, 736, control, 672; JiearL, deficient, 15S, 
control, 146; muscles, deficient, 423; control, 661. It is evident then that 
there are no noteworthy differences in the riboflavin stored in the liver, 


^ Expressed in micrograms. 
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kidney, and heart between the thiamine-deficient and the control rata. 
There is, however, a marked reduction in the riboflavin of the muscles of 
the vitamin Bi-deficient animals. An examination of the weights of the 
different tissues disclosed that there were significant differences only in the 
weights of muscle tissue, ^Yiuch was 25 per cent less in the vitamin Bi- 
deficient than in the control rata. Since there was a reduction of 36 per 
cent in muscle riboflavin in the avitaminotic animals and the latter had 25 
per cent less muscle than the control rats, about 70 per cent of reduction of 
riboflavin should be attributed to differences in weight of tissue. Our 
data do not warrant the conclusion that the reduced reduction of ribo' 
flavin in the muscles is responsible for the increased urinary excretions of 
this vitamin in the thiamine-deficient animals. 

It is apparent from an analysis of the data submitted in Table II that 
the higher concentration of riboflavin per gm. of liver in thiamine-deficient 
rats than in control animals reported by Singher and associates (4) is of no 
significance in relation to riboflavin metabolism of the animal organism. 
While liver is a specific storage organ for vitamins A and D, which the 
animal can draw on for reserves during periods of inadequate intake of these 
vitamins, it is not a specific depot for riboflavin and other components of 
the vitamin B complex. According to Supplee and coworkeis (5), “The 
riboflavin concentration in the liver increases during digestion and assimila* 
tion, being mobilized therein presumably from other tissues; this transient 
concentration takes place even in animals whose tissue stores have been 
impoverished by a prolonged riboflavin-free dietary.’’ 

Recently Sure and Ford (7) demonstrated that when rats are given 1000 
7 of riboflavin for 30 days, which provided 30,000 y of this wtamin, only 
about 800 7 were found in the animal body, which constitutes a storage 
of only 2.6 per cent. From Table III it is evident that for the entire expen* 
mental period the per cent of riboflavin stored in the body Is only 2^6, t e 
greater part of the total intake of which, it was recently shown, is destro 3 e 
by the tissues (7). It is also apparent from Table HI that the urinary 
excretions of riboflavin in chronic thiamine deficiency are 2 to 3 tunes 

great as in the control animals. ^ f • the 

Table II shows that, while in Group A the total riboflavin content m 
tissues of the thiamine-deficient animals is 25 per cent higher t^n ^ 
controls, in Group B the riboflavin content of the tissues is ^ 
higher in the control than in the avitaminotic rats, and in Group G t e 
no noteworthy difference between the vitamin ^vdeficient an c 
animals. Therefore, It must be concluded that, on the 
flavin content of the tissues, which represents only a small ^ 

total intake of this vitamin during the entire jjjonths. 

been influenced by chronic thiamine deficiency for a period o 
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Also, since suboptimum thiamine intakes have had no influence on ribo- 
flavin absorption but produced a marked effect on urinary excretions of 
riboflavin, the latter results account for poorer utilization of this vitamin 
in chronic vitamin Bi deficiency. The poorer utilization of riboflavin in 
chronic thiamine deficiency is, however, not as great as in acute thiamine 
deficiency (1). 


SUMMARY 

Chronic thiamine deficiency produces no noteworthy differences in ribo- 
flavin content of body tissues nor in riboflavin absorption compared with 
those found in control rats. There is poorer utilization of riboflavin in 
chronic thiamine deficiency than in control rats on isocaloric diets, receiving 
the same intake of riboflavin, but the poorer utilization is not as great as 
in acute vitamin Bi deficiency. 
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RELATIVE EFFECTS OF CASEIN AND TRYPTOPHANE ON THE 
HEALTH AND XANTHURENIC ACID EXCRETION OF 
PYRIDOXINE-DEFICIENT MICE* 

Br E. C. MILLER and C. A. BAUMANN 

(From the Department of Biochemistry, College of Agriculture, University of Wisconsin, 

Madison) 

(Received for publication, November 0, 1944) 

Musajo (1) first isolated xanthurenic acid from the urine of rats fed 
diets iiigh in fibrin, and later characterized the compound as 4,8-dihydroxy- 
quinoline-2~carboxylic acid (2). Its solutions gave an intense green color 
with iron salts, and the compound was found in the urine of rats, guinea 
pigs, or rabbits after the administration of tryptophane or kynurenine, 
but not after kynurenic acid (3, 4). Lepkovsky and Nielsen (5) noted 
that the urine from pyridoxine-deficient rats also formed a green color 
with ferric iron. The chromogen was excreted by deficient dogs (6) and 
pigs (7) , but not by deficient chickens (8) . Lepkovsky, Roboz, and Haagen- 
Smit (8) isolated the chromogen from the urine of deficient rats and 
presented evidence tliat it was xanthurenic acid. Tiie excretion of the 
chromogen increased when ^-tryptophane or kynurenine was fed (8, 9), 
and when pyridoxin e was administered, the excretion of xanthurenic acid 
ceased. The chromogen failed to appear in the urine of pyridoxine-de- 
ficient rats fed acid-hydrolyzed casein or zein and gelatin. From these 
results Lepkovsky ei at. (8) concluded that “the function of pyridoxine 
is related to tryptophane metabolism.’^ 

The question remains whether pyridoxine is concerned solely with tryp- 
tophane or whether the metabolism of other amino acids is also abnormal 
in pyridoxine deficiency. Cerecedo and Foy (10) added tryptophane to 
a pyridoxine-deficient diet containing 15 per cent of casein without de- 
creasing the time necessary for the appearance of the characteristic derma- 
titis in rats. Nevertheless the syndrome developed more rapidly on 
high casein diets (11,12), and the addition of cystine increased the severity 
of the dermatitis (10). Fishman and Artom (13) found that pyridoxine 
minimized the injurious effect of large amounts of serine given parent erally 
or by stomach tube. Pyridoxine (14) and pyridoxal (15) also increased 
the rate of tyrosine decarboxylation by a cell suspension of Streplococcus 
faecalis R. 

♦ Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. Supported in part by the Wisconsin ^Vlumni Research Founda- 
tion and the Jonathan Bowman Fund for Cancer Research. 
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PROTEIN AND PYRIDOXINE DEFICIENCY 


The present report deals with the quantitative determination of xan- 
thurenic acid in urine and -with the relative effects of protein and tiypto- 
phane on the health and chromogen excretion of mice fed diets lo\vr in 
pyridoxine. 

Methods 

Care of Mice — Weanling albino or C 3 H mice were kept in groups of four 
in screen bottom cages. Food and water were given ad libitum, and tte 
animals were weighed at weekly intervals. The diets (Table I) contained 

10 to 60 per cent of purified casein/ 4 per cent of salts (17), 2 per cent of 
corn oil (Mazola), and glucose^ to 100 per cent. One part of halibut liver 

011 was added to 1000 parts of the corn oil. A synthetic vitamin mixture 
(Table I) was added to all of the diets at a constant level, except that the 


TabivK I 

Composilton of Diels 



per cent 

Purified casein 

10, 20, 30, 45, or 60 

2 

Corn oil -1- 0.1% halibut liver oil 

Wesson salt mixture 

4 

Glucose 

To 100 


7 per gnt. 

Pyridoxine hydrochloride. 

0, 0.5, 1, 2, 5, or 10 

3.3 

Thiamine chloride. 

Nicotinic acid . 

10.0 

Calcium pantothenate 

' 13.3 

Riboflavin 

6.6 

Choline chloride 

168.0 

Inositol 

333.0 

p-Aminobenzoic acid 

200.0 


pyridoxine hydrochloride® varied from 0 to 10 7 per gm- of diet. Dor 
to the experiments proper the mice were maintained on suitable ^ 
diets of known vitamin content. In experiments on the relative e ec^ 
of various levels of casein and pyridoxine, the preliminary 
was fed for 6 days, contained 20 per cent of casein and iO y of pyn ^ 
per gm. of diet. In experiments on the effect of individual ammo 

^ Crude casein was washed for 1 week with several changes^ of casein 

extracted with two changes of ethyl alcohol for 4 days at 50^. J ® P 
contained 0.2 y of pyridoxine hydrochloride per gm. according to as / 

charomyces caHshergensis (16). less than 1 

^Cerelose, a pure commercial glucose monohydrate, ifc contai 
milHmicrogram of pyridoxine hydrochloride per gm. (16). i^vUrochloride ^ 

»In the present report the terms pyridoxine and boride, 

used interchangeably, and all values are expressed as the hydro 
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the mice were depleted of pyridoxine for about 2 weeks on a diet containing 
10 per cent of casein and no pyridoxine before the various experimental 
diets were fed. 

For the collection of urine each group of mice was placed periodically 
in a metabolism cage fitted with an outside feeder. The funnels were of 
glass, and the floors of the cages as well as the fine mesh screening in the 
funnels were of galvanized iron. The urine was collected under a small 
amount of benzene. After 24 hours the funnels were rinsed Avith 5 to 10 
cc. of distilled water, and the washings added to the urine, which was then 
stored in the refrigerator until analysis. Since the precursors of the 
chromogen appeared to be of dietary origin, the quantity of food consumed 
by each group was determined during the 24 hours prior to each urine 
collection. The level of excretion was then expressed as micrograras of 
xanthurenic acid per gm. of diet consumed. 

Determination of Xanthurenic Add^ in Urine — The basis of this deter- 
mination was the green color formed by a solution of xanthurenic acid in 
the presence of ferric chloride. A qualitative test (1, 8) could easily be 
carried out by the addition of ferric chloride to alkaline urine, but this 
procedure failed to give quantitative results. For maximum color de- 
velopment it was necessary to add an excess of ferric chloride, and other 
things being equal, the color intensity increased progressively with the 
concentration of sodium bicarbonate up to 0.5 per cent. However, a 
flocculent precipitate formed under these conditions and apparently ad- 
sorbed a part of the pigment, since the color intensity of the filtered solu- 
tion decreased with additional ferric chloride. Furthermore, the color 
per unit of xanthurenic acid increased with increasing concentrations of 
the chromogen. 

Hence the following procedure was adopted. The urine was acidified 
to pH 2.6 =h 0.5 (external indicator), and the total volume recorded to 
zfcO.l cc. The urine was filtered immediately through a qualitative paper, 
and a 2 cc. aliquot of the filtrate pipetted into a 50 cc. test-tube containing 
0.4 gm. of sodium chloride. 2'5 cc. of a 15:1 mixture of ethyl ether and 
ethyl alqphol were then added and the mixture was stirred vigorously 
for 5 minutes with a mechanical stirrer. For routine determinations a 
multiple stirring unit was used. The ether-alcohol layer was separated 
from the aqueous layer and transferred to a flask. The solvent was 
then dried uuth 4 gm. of anhydrous sodium sulfate and transferred to 
a clean fiask. The sodium sulfate was washed three times with 5 cc. of 

* From the work of Lepkovaky H al. (8) it appears probable that in pyridoxine 
deficiency the principal urinary constituent forming a green color with ferric iron 
is xanthurenic acid. However, many other compounds also form green complexes 
with ferric chloride and the* possibility of their presence in the urine of either normal 
or deficient animals cannot be excluded. 
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ether-alcohol, the Avashings Avere added fn i-h^ 
solvent Avae removed m vacuo (Avater bath 60-70») "'"th 
dissolved in 9 cc. of absolute ethvl ilr-nJ. i j ?' residue Avas then 
Of fe„fo chWde 

electi^oriSXLgMhitr™^^^ 

been adjusted to read 100 Avith a blant f h ^ ^^ter the galvanometer liad 
ethyl alcohol and 1 cc of Z I? n . " 9 cc. of absolute 

acid per cc of acidified ■ ® ^^^°”^ogen avceeded SO y of xanthurenic 

ness of extraction could be SceSneJ'''^'’^'”'"* 

^iotheZAlhiToflf xanthurenic acid Avas synthesised according 
at 28I-2T30 (2). This preparation melted 

rcf of the ioT If ]- f 9 

relatZ C i ^ ot 858 in the 

and L equals 2 1 \Z^G of xanthurenic acid per tube 

tracted from nor* i ^ • However, in the presence of the maten'al ev- 
of the urinorv K value increased with the concentration 

mice Ls dZ four 

scribed above th ^^^lalyzed under the conditions de- 

to 020 A * ^ 1 ' added xanthurenic acid ranged from 8So 

900 AVI*? ifJlT present studies, an average constant, K - 

With fhp 1 +f calculation of the chromogen content of urine. 

I m 0 a chiomogen concentrate from urine could be recoveied 
routinely in two extractions. 


Results 

Variations Due to Level of Casein — When 2 7 or more of pyrido.xine per 
gm. ot diet were fed to weanling mice, good grow^th resulted and the level 
of casern could be varied from 10 to 60 per cent of the diet without affect- 
mg either the rate of growth or the survival of the animals^ (Tables If 
to IV), However, in the absence of pyridoxine, the condition of the 
mice depended markedly upon the casein content of the diet. The mice 
on the higher levels of casein ate less food, excreted more chrom ogen# kst 

^ It IS possible to use 95 per cent ethyl alcohol in place of absolute alcohol if the 
readings are taken immediately after the addition of the ferric chloride to each tube. 

® When young mice were fed 60 per cent of casein with adequate pyridoxine, gro^t 
occasionally ceased for about 1 week (Table III), after which it was resumed. Since 
this difficulty was not encountered when 45 per cent of casein was fed, the 
level was adopted for the later experiments. 
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weight more quickly, and died sooner than those consuming less casein. 
In a typical series (Table II) mice receiving 60 per cent of casein died in 
26 days (16 to 37 days), and those receiving 30 per cent of casein died 
in 51 days (*16 to 56 days). The only death in the group receiving 10 
per cent of casein occurred on the 66th day, ^\hen the experiment was 
teiminated. 


T\blt: II 

C/itomogen JSxcreh’on and Groitth o/ Mice Receiving Various Levels of Casein and 
Pijridozine {Four Mice Per Group) 


Caacin . ! 

1 

10% 

30% 

60% 

Pvivdoxinc ptf gm. oI diet ' 

O7 

i 1 

0 7 1 10 7 

0 7 j 10 7 


Chromogen excretion, calculated as micrograms of xanthurenic acid excreted per gm. 

diet consumed 


Basal period* . ^ 

26* ■ 


26* ' 

16* ' 

26* 


6th day 

54 


76 

51 

234 

■■ 

11th “ 1 

1 33 


236 

46 

598 

1 51 

19th “ 

1 4S 

1 16 

1 461 

50 

! 449 

33 

26th ** 

61 

18 

1 629 

29 

1 890 

38 

60th 

213 

15 






Growth, average weight in gm. 


1st day. . . ^ 

10.8 

1 11 -1 

11.3 

11.8 

11.5 

11.2 

8th “ 

10.6 

12.7 

12.1 

13.1 ; 

11.4 

12.4 

loth “ 

12 3 

14.1 1 

12 2 

16 4 ! 

10 2 

14.6 

34th “ 1 

11.7 

17.4 ! 

9 8 ' 

18 7 1 

7.8 

18.4 

66th “ 1 

10.7 ' 

20.7 

! 

20 0 I 


21.1 

Survival in dajs 

>66 (1 dead ^ 

>66 

1 46^56 

i>66 

16-37 

>66 


1 on 66th day), | 


1 

1 



Obtained on the last day of the G day basal period during which the mice re- 
ceived 20 per cent of casein with 10 y of pyridoxine per gm. of diet. 


When the deficient diet contained 60 per cent of casein, the mice excreted 
234 7 of xanthurenic acid per gm. of diet on the 6th day and a maximum 
of 390 7 per gm. on the 26th day (Table II). The excretion of those 
receiving 30 per cent of casein rose more slowly to a maximum of 629 y 
per gm. of diet on the 26th day, while those receiving 10 per cent of casein 
excreted only 61 7. All of the groups receiving more than 2 7 of pyri- 
doxine excreted less than 60 7 of xanthurenic acid per gm. of food consumed. 

In general the control mice receiving 10 to 30 per cent of casein con- 
sumed 2.5 to 3 gm. of diet per day while those on 40 to 60 per cent of 
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casein ate 2 to 2.5 gm. per day. The deficient animals consumed com- 
parable quantities at the beginning of the experiment and decreasing 
amounts as the deficiency became more severe. After the deficient mice 
began to lose weight, they drank only 60 per cent as much water as control 
mice receiving pyridoxine and restricted to the same food intake. About 
half of the deficient mice on 10 to 30 per cent of casein developed a paralysis 
of one or both hind legs several days before death. Perhaps because of 
their more rapid death, this condition was observed less frequentl}'” in mice 
receiving the higher levels of casein. No characteristic dermatitis uas 
observed in any of the mice. 

Experiments with Other Proteins — Lepkovsky, Roboz, and Haagen- 
Smit (8) substituted zein and gelatin or acid-hydrolyzed casein for the 
casein of their deficient diet and observed that the chromogen disappeared 
fr6m the urine of deficient rats in 6 to 12 hours. Our attempts to per- 
form similar experiments irith mice were unsuccessful. Zein^ was found 
to contain 2.7 y of pyridoxine per gm. (Saccharomyces carlsbergensis assay 
(16)), and the vitamin was not removed by extraction with ether or acetone 
or by reprecipitation of the zein from alcohol solution with water, ilhce 
fed 40 per cent of zein and 5 per cent of casein therefore received Idr 
of pyridoxine per gm. of diet. When this amount of pyridoxine uas 
added to a diet containing 45 per cent of casein, good growth resulted and 
the excretion of chromogen was low. Thus the failure of chromogen to 
appear on a zein diet becomes of doubtful significance. 

Both gelatin and aeid-hydrolyzed casein were low in pyridoxine, but 
these substances appeared to be unpalatable to the mice; the intake of 
food was low, and “weight losses and death occurred even when IQy ^ 
pyridoxine were added per gm. of diet. The excretion of the chromogeflj 
however, decreased when acid-hydrolyzed casein was substituted or 
part of the casein of a deficient diet : from 334 y of xanthurenic acid per 
gm. of diet to 146 7. • ( A 

Variations in Requirement for Pyridoxine — Weanling mice were e 
synthetic diets containing 60 or 20 per cent of casein, and the 
pyridoxine per gm. of diet ranged from 0 to 10 7 (Tables HI ’ 
The growth of the animals and the excretion of chromogen were 
determined periodically. As judged by these criteria 3 to 4 times ^ 
of the vitamin were needed when the diet contained 60 per cent oi ^ 
as when it contained 20 per cent. On the former diet the 
the chromogen was large and growdih was suboptimal when a gm. 
contained 1.0 7 of pyridoxine (Table III); 2.0 7 or more 
appeared necessaiy to bring growth and excretion uithm no 
When the diet contained 20 per cent of casein, however, g 

’ The zein was obtained through the courtesy of Dr. R. C. Gralow 
Products Refining Company. 
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Table III 

ChromoQcn Excretion and Growth of Mice Receiving 60 Per Cent of Casein and 0 to 10 
Mxcrograms of Pyridoxins Per Gm. of Diet {Four Mice Per Group] 


Pyridoxine per gm. of diet. 

j O7 

I7 

1 

57 

! 10 7 

t 


Chromogen excretion, calculated as micrograms of xanthurenic acid excreted per 

gm. diet consumed 


Basal period* 

. 26* 

21* 

32* 

25* 

42* 

4th day 

{ 246 

• 85 

81 

64 

41 

7th “ 

484 

229 

86 

71 

50 

14th " 

f 828 

435 

70 

52 

24 

46th ** 

1 

395 

40 

45 1 

46 

Growth, average weight in 

gm. 



1st day 1 

10.9 

■a 

11.4 

11.1 

11.5 

8th “ 1 

10.8 

■SI 

12.0 

11.3 

12.8 

18th “ 

i 9.9 

1 12,0 

14.1 

14.8 

14.3 

51th ‘‘ 


14.3 

20.8 

19.4 

19.8 

Survival in days i 

1 

18-33 

>54 

>54 

>54 

>54 


* Obtained on the last day of the 6 day basal period during which the mice re- 
ceived 20 per cent of casein with 10 y of pyridoxine per gm. of diet. 


Table IV 


Chromogen Excretion and Growth of Mice Receiving 20 Per Cent of Casein and 0 to 10 
Micrograms of Pyridoxine per Gm. of Diet {Four Mice Per Group) 


Pyridoxine per gm. of diet- 


07 

0.57 


{ 


10 7 


Chromogen excretion, calculated as micrograms of xanthurenic acid excreted per 

gm. diet consumed 


period* 

36* 

23* 

23* 

22* 


Rf.h dav 

84 

51 

34 

24 



316 

66 

39 

17 

n 


547 

93 

32 

18 

34 


61 

51 

25 

IS 

i 1 





Growth, average weight in 

gm. 



1st day . ' 

11.2 

I 11.3 

10.9 


11.3 

19th 

1 

1 15.0 

1 17.7 

1 17.2 


17.2 

57th “ 

1 11.8 

1 21.7 

23.1 

22.0 

22.0 

89th 

24.3 

23.8 

23.4 

25.1 


1 56-72 

, >89 

>89 

>89 

>S9 



' 




* Obtained on the last day of the 5 day basal period during which the mice re- 
ceived 20 per cent of casein with 10 y of pyridoxine per gm. of diet. 
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hTXr^ amounts oAhr^ Pyridoxine per gm. of diet 
wofkem ^'“^acone (3) and Lepkovsky and eo- 

Tc f Nf;«VmpT:^ -is 

dietary 

or to comoare thp p • i deficient animals, 

tophane casein or in toD- 

tLn riSd into'^JSn r ^ ^ days. The mice iveie 

diet and tlie micp^ ^ collection was made on the bas.al 

: 4Wr 10 Pcc cent of casein, 

^hane (Merckf " casein plus 0.54 per cent of f-trypto- 

^mounts of twnt ® '™i'e supposed to supply equivalent 

added wa<; r-nlf^i °P P®‘' diet. The quantity of /-tryptophane 

of this amino ^ +K^ assumption that casein contains 1.6 per cent 

?2 per e™, (IS 20,’, ''»» '■* 

d 1 ii <? ihp Pyridoxine the mice receiidng 10 per cent of casein 

and surliipiT°^^.^r co^umed more food, appeared in better health, 
receivino- o 1 those receiving 45 per cent of casein. The mice 

loncTo- +R ^+ 1 , ®1 casein remained in better health and survived 

Hior • T T ll*cse groups. As usual the mice on the low casein 
excre e o j small amounts of the chromogen while those fed 45 
per cent ot casern excreted large amounts (Table V). Those receiving 
® ^yp op lane excreted still larger amounts. In a second series the 
food by the mice receiving /-tryptophane was restricted 
0 a o ^"^ice receiving 45 per cent of casein. Nevertheless, the excretion 
o c rornogen pei gm. of food remained greater after the ingestion of the 
pure arnino acid than after 45 per cent of casein. The presence of pyd- 
doxme in the diet resulted in normal growth and normal chromogen 
e.xcretion on all three diets. 

Several conclusions can be drawn from this e.xperiment. /-Tryptophane 
decreases the survival of the pyrido.xine-deficient mouse, but not so much 
as casein of equivalent tryptophane content. Mice on the deficient 
diet containing tryptophane consumed about twice as much food as those 
on the 45 per cent casein diet and apparently also received some'vhat 
more tryptophane per gm. of diet (see below). Their total consumption 
of tryptophane was therefore at least twice that of the mice fed the high 
level of casein. Nevertheless, they survived 50 to 70 per cent longer. 

The inference is that other amino acids in casein may also be injurious 
to the pyridoxine-deficient mouse. 

The data further suggest that the chromogen might be derived entirely 
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from the tryptophane present in the casein. In the above experiment 
the tryptophane content of casein was assumed to be 1.6 per cent, but more 
recently Greene and Black (21) have lepoited that casein contains only 
1.06 to 1.11 per cent of tryptophane as determined with Lactohacillus 
arahinosun 17~5. Analyses by Schueigeit et aU with the same organism 
indicate a figure of 1.1 per cent. If these values are more nearly correct 
than those obtained by chemical methods, it can be calculated that the 
maximum excretion of xanthurenic acid accounted for 12.2 and 9.6 per 


Table V 

Chromogen Excretion and Growth of Mice Receiving l-Trypiophane 


Casern 

10% 

45% 

I-Tiyplophanc added 

0 1 

1 0 54% j 

0 

Pyridoxme per gm diet . . 

07 

07 

1 10 7 

0 7 1 10 7 


Chromogen excretion, calculated as micrograms of xanthurenic acid excreted per gm. 

diet consumed 


Basal period’*' 

71* 

81* 

66* 

55* 

97* 

6th day 

56 

491 (859) t 

54 

367 (413) 

43 

12th “ 

48 

793 (1784) 

71 1 

460 (575) 

30 

16th 

23 

785 (1470) 

69 

321 (562) 

I 


Growth, average weight m gm. 


1 

lat day 1 

11.2 

11 4 1 

11.7 1 

■H 

11.8 

8th “ 

11 2 

10.8 

13 8 


12.6 

29th “ 

10 0 

9 8 

15.9 

■■ 

14,6 

Survival at 20 daysj 

4/4 

3/4 

4/4 


4/4 

«* u 3g .1 

3/4 

0/4 

4/4 

■■ 

4/4 


* Obtained on the last day of the 12 day basal period during which the mice 
received 10 per cent of casein and no pyndoxine. 

t The figures in parentheses are the total excretion of the chromogen per mouse 
per 24 hours. 

% The survival is expressed as the number of mice alive over the number at the 
beginning. 

cent respectively of the tryptophane ingested as the free acid or as casein. 
In other series (Tables II to IV) the maximum percentage was 24 per cent 
when the diet contained 20 per cent of casein, and 13 per cent when it 
contained 60 per cent of casein. 

Other Amino Acids — In a search for other amino acids that might affect 
the survival of the pyridoxine-deficient mouse, weanling mice partially 
depleted of the vitamin were divided into groups of four and fed 10 or 60 

* Schweigort, B. S., Tatman, I., and Elvehjem, C. A , personal co mm u n ication. 
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per cent of casein or 10 per cent of casein plus either 0.95 per cent of 
Z-histidine or 2.6 per cent of Z- tyrosine for 8 days. As usual the mice 
recehdng 60 per cent of casein excreted 500 y of the chromogen per gm. 
of food, while those receiving 10 per cent of casein excreted only 30 y per 
gm. Histidine and tyrosine failed to increase the excretion of the chromo- 
gen. On the 60 per cent casein diet the mice lost an average of 1,9 gm. 
in 8 days, while those receiving 10 per cent of casein alone or supplemented 
wth either of the amino acids gained 0.1 to 0,7 gm. in the same period. 
In other words liistidine and tyrosine did not appear to be deleterious to 
the p3Tidoxine-deficient mouse. 

In a similar manner mice were fed 10 per cent of casein plus 1.3 per cent 
of dZ-phenylalanine. In the absence of p 3 ’'ridoxine mice receiving phenyl- 
alanine were comparable in health for at least 10 days to similar mice 
|pot receiving phen 3 dalanine. The mice recehring the phenylalanine 
^xcreted large quantities of a uiinaiy chromogen which was roughl3’' similar 
to xanthurenic acid in solubiIit 3 ’‘ and in its abilit 3 ’’ to form a green color 
wth ferric chloride. Significantly, however, the excretion of the phenyl- 
alanine chromogen was not prevented by feeding 10 y of p 3 Tidoxine per 
gm. of diet. The latter chromogen also differed from that excreted by 
mice fed tryptopliane in that the iron complax of the phenydalanine chromo- 
gen was unstable in absolute ethyl alcohol. The complax had an absor^ 
tion spectrum similar to that formed ^^rith phenylp 3 nuvic acid^ and it 
faded at a comparable rate. Both the phenylalanine chromogen and 
phenylpynivic acid were detected only in aqueous solutions of pH 2 to 5, 
rather than at the pH of 7 to 9 used for xanthurenic acid. Calculated^ 
phenylp 3 Tuvic acid, the chromogen accounted for 4 to 6 per cent of t e 
phenylalanine ingested in the pre\rious 24 hours. Since both 
pyruvic (23) and p-hy^droxyphenylpyu-uvic (24) acids have been 
to occur in»urine as abnormal metabolites of phenylalanine, it is pro a e 
that one or both of these were excreted by our mice. ^ . 

Incidentally^ the administration of 100 y of asc\>rbic acid and ^ ^ ^ 
pyridoxine per gm. of diet had no effect on the excretion of this 
The administration of ascorbic acid to certain premature infants 
reported to stop the excretion of p-hydroxyphenylp 3 "ruvic acid er 
administration of phenylalanine or tyrosine (25). , 

ExjperimeJits with Rats — Casein also appeared to be deletenous 
pyridoxine-deficient rat, but less so than to the deficient ^ 

S5rkT«Qmm_TioTir]pv’ rfits recciviDn ou pe 


taeyer and Atbenz (22). 


;asem and no pyridoxine died in an average of 12 weeks wM ^ 
L2 per cent casein diet lived for 20 weeks. A „x^eeiitbe 

appeared to hasten death in a second series, but the difference 

’The phenylpynivic acid was prepared by Dr. J. A. iSClIer according t 
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two groups was not great. Weanling rats receiving 60 per cent of casein 
and no pyridoxine excreted 100 to 200 7 of the chromogen per gm. of 
food after 1 to 2 weeks, and by 4 weeks the excretion rose to 400 or 500 7 
per gm. of diet. Similar rats receiving 20 per cent of ca.sein and no pyri- 
doxine excreted less than 100 7 of xanthurenic acid after 4 weeks and 
100 to 200 7 per gm. of diet after 16 weeks. In contrast, mice excrete 
400 7 of xanthurenic acid per gm. of the high casein diet within 10 days, 
and on 20 per cent of casein an excretion of 300 7 is reached within 3 to 
4 weeks. Adult rats raised on' a synthetic diet containing 18 per cent of 
casein and 6 7 of pyridoxine per gm., and thereafter deprived of pyridoxine 
for 9 months, maintained themselves as well on 60 per cent of casein as on 
12 per cent. On the other hand, adult mice on a 10 per cent casein diet 
A\ith no pyridoxine survived 3 to 4 times as long as those receiving 60 
per cent of casein. 

The greater sensitivity to casein of the deficient mouse as compared to 
the rat may be an expression of its greater requirement for nutrients per 
unit of body weight. Each day an adult mouse eats dry diet equivalent 
to 10 or 15 per cent of its body weight, while the adult rat ingests food 
equivalent to only 5 to 8 per cent of its body weight. This more rapid 
metabolic turnover might result in a more rapid rate of destruction of the 
vitamin in the tissues of the mouse. It is also possible that the tissues of 
the mouse require a higher minimum concentration of pyridoxine for 
normal metabolism than the tissues of the rat. Another possibility is 
that the rat may obtain more pyridoxine by intestinal synthesis than does 
the mouse. It is probable that the relationship between pyridoxine and 
dietary casein would have been established sooner if the mouse rather 
than the rat had been used as the experimental animal. Even in the rat, 
how'ever, it would now appear desirable to control the protein content of 
the diet when this species is employed in a bioassay for pyridoxine. 

SUMJIARY 

1. A method is described for the estimation of xanthurenic acid in urine. 
Mice deficient in pyridoxine excreted this chromogen in amounts that 
depended upon the casein or tryptophane content of the diet. 

2. Pyridoxine-deficient mice fed diets containing 60 per cent of casein 
lived only one4hird as long as those fed 10 per cent of casein. Although 
pyridoxine restored gro\\i:h and minimized the excretion of chromogen on 
both diets, about 3 times as much pyridoxine was required on 60 per cent 
of casein as Avhen 20 per cent was fed. 

3. Increases in the excretion of chromogen were quantitatively similar 
whether ^-tryptophane was fed as the amino acid or as a component of 
casein. Calculated as xanthurenic acid the urinaiy chromogen averaged 
10 to 24 per cent of the tryptophane ingested. 
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4. Z-Tryptophane decreased the survival time of mice deficient in 
pyridoxine, but not so much as casein of equivalent tryptophane content. 
Apparently, therefore, amino acids other than tiyptophane also con- 
tributed to the ill health of the pyridoxine-deficient mice. 

5. Tyrosine or histidine did not affect either the health or the chromo- 
gen excretion of deficient mice. The addition of phen 3 ’lalanine gave rise to 
a different chromogen, probably p-hydroxyphenylp^Tuvic or phenyl- 
pyruvic acid. The excretion of this chromogen was not affected by the 
administration of pyridoxine or ascorbic acid. Phenylalanine did not 
appear to interfere with the growth or survival of the deficient mouse. 

6. Weanling rats on a 60 per cent casein diet deficient in pyridoxine 
excreted more xanthurenic acid and died somewhat earlier than rats con- 
suming 20 per cent of casein. However, the differences were much less 
striking than with mice. 
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SPECTROPHOTOMETRIC STUDIES 

Xlir. THE ABSORPTION SPECTRUM OF ISOLATED 
DIHYDROCOZYMASE* 

By DAVID L. DRABKIN 

{From the DeparbnenL of Physiological Chemistry ^ School of Medicine^ University of 
Pennsylvania j Philadelphia) 

(Received for publication, September 29, 1944) 

In this communication data will be presented upon the absorption 
spectrum of isolated dihydrocozymase. As far as the writer is aware, the 
spectrum has not been reported heretofore as obtained from solutions of 
the isolated reduced coenzyme. Ohlmeyer (1), who first prepared pure di- 
hydrocozymase, gives only the value for the absorption maximum at wave- 
length 3*10 mp (Table I). Warburg and Christian (2) originally published 
the absorption spectinim curve of dihydrocozymase, and their curve has 
been reproduced often in the literature (3). This spectrum, however, was 
obtained not from the isolated reduced coenzyme but from cozymase, re- 
duced in a 1 per cent bicarbonate medium (pH 9.7) by means of dithionite, 
Na2S204, and the mixture then saturated Avith pure oxygen (2). The 
treatment wdth oxygen in the alkaline solution was carried out to inactivate 
oxidants produced from the Na2S204* The value of the absorption maxi- 
mum at 340 m;x in Warburg and Christianas original measurements (2) was 
approximately 24 per cent lo\ver than that obtained by Ohlmeyer (1) upon 
isolated dihydrocozymase. However, progressively higher values have 
been reported in later communications (4-7) from Warburg*s laboratory 
(Table I). It will be pointed out that our values for the extinction co- 
efficient at 340 m>i of isolated dihydrocozymase closely approach the value 
reported by Ohlmeyer (1), whereas the corresponding values obtained from 
cozymase reduced by Warburg and Christianas method (2) or enzymically 
in the presence of arsenate are consistently lower. This discrepancy was 
disclosed in the course of the study by Meyerhof and the writer of the phos- 
phorylation and oxidation of c?-glyceraldehyde 3 -phosphate, reported in 
the following paper (8). Its existence is of concern in the quantitative 
estimation of the concentration of active cozymase present, since in enzy- 
mic studies pure cozymase is usually not available. 

Methods 

Spectrophotometry — The apparatus employed was a photoelectric ultra- 
violet spectrophotometer, designed by the writer, and described in pre- 

* The construction of the photoelectric ultraviolet spectrophotometer used in this 
work was made possible through a generous contribution of funds by the Harrison 
Department of Surgical Research, School of Medicine, University of Pennsylvania. 
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liminary reports (9). During several years the apparatus, consistingof a 
hydrogen discharge tube source, quartz monochromator, powerful photo- 
electric amplifier, and relatively rugged galvanometer, has affordrf un- 
usually stable operating conditions, as demonstrated by the excellent repro- 
ducibilit}’^ of periodic checks upon such standards as K-CrO^ in 0.05 xKOH. 
A detailed description of the equipment and tests of its performance uilJ 
be published elsewhere.^ While the spectrophotometer has been designed 
for adaptability to several alternative photometric procedures (9), in the 
work reported here and in the foUoudng communication (S) the suhstiiiUion 
method of measurement was employed. In this technique a mechanical 
switching device, which holds the usual closed type, 1 cm. depth solvent 
and solution cuvettes provided with quartz end-plates, is used for rapidly 
substituting one cuvette for the other in a single monochromatic path. 

^ The galvanometer deflection, assuming direct proportionality of response 
to intensity of transmitted radiation, is utilized in obtaining on the scale of 
0 to 100 the fraction of transmitted finx^ f/I^i where / and /o represent 
respectively the intensities of radiation through the solution and solvent, 
with 7o taken as 100 per cent or unity. The extinction or optical density, 
2>, equals --log ///o. Since the unit depth of 1 cm, is employed, the value 
6 (c = 1 roM per liter, d 1 cm.) = ^/(concentration (nui per liter) of 
the solution measured),- This simple, rapid photometric procedure repre- 
sents one of the advantages of the photoelectric technique, and is particu- 
larly suitable for studying solutions undergoing change, as in the invest)ga- 


tion of enzymic equilibria (8). 

In the measurements upon isolated dihydrocozymase, distilled water 
was used as a blank. In calculating the « values from the optical densit}, 
the purity of the sample was used as a correction factor for c values at 
w^ave-lengths of 375 to 305 m/i, « values at all other wave-lengths, as 
may be seen in Fig, 1, are uncorrected and related to the concentraUoQ 
based on the original w'eight of the sample. Purity was detem^ed ' 
manometrical)}’’ with ferricyanide (4) and by direct titration with lo me. 
The latter procedure is presented in.the accompanying paper (8). 

In the study with Dr. Meyerhof the amount of dihydrocozjTnose 
was used as the criterion of the enzymic o.xidation and phosphc^yla ion ^ 
glyceraldehyde phosphate (8). All solutions w*ere made up in dou e 
tilled w’ater and filtered through sintered glass filteis 
The oxidizing enzyme w^as added just before filling the cuvettes, so 


^ In press, /. Optical Soc. Aw, , w/ 1 / // 

» In the notation « (c = 1 nm per liter, d « 1 cm.), c =* (l/(c X d)) ^ of 

the concentration c is expressed in xnM per liter, the depth d trauS' 

incident light (passing through solvent alone) lo is 1.0, and unity. ^ 

mitted light (passing through the solution) I is expressed as ^ fra t 
this manuscript the symbol «, defined as above, will be i^d. Bj d 
are equivalent to molecular extinction coefBcients X Kr • 
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measurements could be begun 3 to 5 minutes after mixing. Readings 
were limited to the chosen wave-lengths of 410 and 340 and were 
taken at approximately 0.5 to 1 minute intervals, permitting the point of 
equilibrium (maximum reduction of the cozymase under the particular 
conditions employed) to be established. It was assumed that the optical 
density at 410 mjn is zero for dihydrocozymase. The difference at this 
wave-length between the blank, which contained all the participants of the 
reaction except cozjmase, and the reaction sample was ascribed to unavoid- 
able scatteiing of light by shreds and other particles and was used for 
correcting the extinction values at 340 mju. The concentration, c, of di- 
hydrocozymase was calculated from the corrected extinction values, with 
the relationship c = D/e where e = 6.27 (Ohlmeyer^s value upon isolated 
dihydrocozymase (1)). This e value was adopted as a constant, since it 
appears that Ohlmeyer, working in Meyerhof’s laboratory, had in his hands 
a preparation of the highest purity thus far attained. 

In the case of mixtures of dihydrocozymase and cozymase (present at 
equilibrium (8)) the concentration not only of the reduced form (deter- 
mined as above) but also of the oxidized must be estimated. Cozymase 
can be derived by difference if the concentration of total active coenzyme 
is known. The latter must usually be determined, since elementary analy- 
sis cannot serve as an index of purity in terms of activity of coenzyme 
preparations. Reference need be made here to only two of the methods 
available for the estimation of total active coenzyme. In the method 
adopted by Meyerhof and the writer (8) total active cozymase is determined 
spectrophotometrically as dihydrocozymase by assuming that the reaction 
given in Equation 1 goes to completion. In the second procedure total 


d-Glyceraldehyde 3 -phosphate 4 * cozymase oxidiiing ^ 

rf-glyceric acid 3 -phosphate dihydrocozymase 


active cozymase is estimated manometrically (2) in a bicarbonate medium 
in the reaction \vith Na2S204, 3 moles of CO^ (equivalent to 3H+) being 
produced per mole of cozymase reduced. This rea'^tion ma}’’ be mitten 
as in Equation 2. We have failed to obtain agreement by these two 
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analytical procedures for total active cozymase, and have consistent!] 
found 12 to 15 per cent lower values in the spectrophotometric estimatioi 
(enzymic reaction with arsenate) than those yielded by manometty \\ii\ 
dithionite. The explanation of this discrepancy is not clear. A de\iatioi 
in the same direction from the results of the manometric technique wa 
obtained also when the production of dihydrocozymase by means of 
S2O4 was determined spectrophotometricaliy from the extinction values at 
340 m/i, Ohlmeyer's constant (1) and Warburg and Christian's method (2) 
of stabilization after reduction by saturation with oxygen at pH 9.7 being 
applied. In these spectrophotometric measurements successive readings 
indicated that the reoxidation of dihydrocozymase was not completely 
prevented in the dithionite procedure. 

Preparations Used — ^The dihydrocozymase was an air-dried preparation, 
•''olated as the disodium salt (mol. wt. 709) by Ohlmeyer’s method (1). 
The adenylic acid (mol. ^vt. 347) was prepared from muscle by the method 
of Lohmann (10). 

Results 

The absorption spectrum curve of isolated dibydrocozyinase is given m 
Fig. 1. For purposes of comparison, the curve obtained from pure, 
crystalline adenylic acid is included. 

In Table I c values are collected both from the literature and the present 
work for the characteristic maximum of dihydrocozymase at 340 ni^- 
In Column 8 c values are listed in terms of the percentage of Olilmeye^ 
value of e = 6.27, used as a standard of comparison. Attention may 
called to the following. (1) On the basis of our own comparative measure* 
meats e values (corrected for purity, Column 7, Table I) obtained 
isolated dihydrocozymase (Analyses 11 and 12) approached close) ^ 
value reported by Ohlraeyer (Analysis 9), and were 
significantly higher than the e values (Analyses 7 and 8) 
cozymase produced from cozynnase in solution by Warburg and C ris i 
method of reduction (2), or enzymically in the presence of 
(2) The agreement gof independent spectrophotometric 
satisfactory- Analyses 6, 7, and 8 (Table I) were performe 
aliquots of the same preparation,^ The average of our e ya 
yses 7 and 8) is 5.46, a figure practically identical ^\^th that 0 
Schlenk (Analysis 6) who employed a quartz spectrograph 
photometer (11). (3) The purity of the preparation be 

accurately. Analysis 10, Table I, suggests that less ^ , Q^Tnase 

placed upon the apozymase test (12) for the purity of i i 

> A sample of this preparation (11) was very kindly supplied by Or 
School of Medicine, University of Texas. 
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than upon the ferricyanide (Analyses 11a and 12a) or iodine (Anal- 
yses lib and 12b) reactions. (4) In work upon isolated dihydrocozjTnase 
a pitfall, illustrated in Analysis 13, Table I, must be avoided. In Ohl- 
meyer’s isolation procedure (1) cozymase is not only reduced, but purifica- 
tion is accomplished. In this particular experiment the procedure did not 
have a successful outcome. It was applied to a very small quantity of 
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Fig. 1. The absorption spectrum curves of isolated dihydrocozymase and adenylic 
acid. Curve 1, average curve based on two sets of measurements on the same solu- 
tion, carried out 6 days apart with the solution stored in a refrigerator during the 
interval. 2.85 mg. of disodium dihydrocozymase (mol, wt. 709) were dissolved in 
25.5 ml. of double distilled water, diluted 1:3 before measurement. The concentra- 
tion based on the weight of the sample = 0.0525 mM per liter. The purity based on 
iodine titration (8) was for the two runs respectively 77.7 and 72.0 per cent. Correc- 
tion for purity was applied only in the region 375 to 305 vofi (see the text) . The broken 
line (Curve la) indicates the result when correction for purity is not applied. The 
blank was double distilled water, and transmission for the blank at 410 nut was taken 
arbitrarily as 100 per cent. Curve 2, 13.5 mg, (equivalent to *13.15 mg. of dry weight) 
of pure, crystalline adenylic acid (mol. wt. 347) per liter of double distilled water. 
The concentration = 0.0378 him per liter. For the blank see the legend of Curve 1. 


cozymase, an aliquot of Schlenk^s preparation (Anaiy^s 6, 7, and 8). 
The purity (Column 4) of the isolated product proved to be lower than the 
original and the final solution had a yellowish color, both suggestive of the 
formation of monohydrocozymase. The low e value at 340 mg is in accord 
with the probability that the isolated product was a mixture of monohydro- 
and dihydrocozymase. 
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DISCUSSION 

An explanation is in order in justification of the arbitrary limitation of 
the correction for purity to the « values of dihydrocozymase at wave-lengths 


Table I 

Comparison of Our e Values with Those Reported in Liicralure for Characlerhlic 
^^aximu7n at 3^0 Mfx of Dihydrocozymase 


Anal- 

ysis 

No. 

(1) 

Type of 
prepa- 
ration* 

(2) 

Author 

(3) 

Purity 

0) 

Concen- 
tration of 
dissolved 
substance 

(S) 

1 Concen- 
tration ol 
active 
substance 

(6) 

1 

(7) 

Per 

cent of 
Qhl 
Irnoer’* 

1 1 value 
(8) 




per cent 

perl. 

mu per 1. 


percent 

1 

A 

Warburg and Christian (2) 

t 



4.781 

76.2 

2 

({ 

Haas (4) 

t 



5.90§ 

91.1 

3 

it 

Xegelein and Wulff (5) 

t 



5.12§ 

SI.7 

4 

t( 

“ “ Bromel (6) 

t 



5.47§ 

S7.2 

5 

it 

Kubowitz and Ott (7) 

t 

1 


6.27§ 

109.0 

6 

‘1! 

Schleuk. (11) 

85.01! 

! 


5.50 

87.7 

7 

“11 

Present observer 

80.2*» 

0.0311 1 

0.0410 

5.27 

84.0 

8 

“II 

it it 

68.6** 

0.0977 ! 

0.0670 

5.GC 

00.2 

9 

B 

Ohlmeyer (1) 

95'lOOtt 



6.27§ 


10 

<( 

Present observer 

83. Oft 

0.064T 

0.0537 

5.49 

S7.6 

11a 

' il 

tt ti 

78.2tj: 

0.0525 

0.0410 

5.76 

91.S 

Ub 

It 

it it 

77.7§§ 

0.0525 

0.0407 

5.S0 

92.5 

12a 

(( 

ti it 

74.2tt 

0.0525 

0.0380 

5,96 

95.0 

12b 

it 

ft it 

72.0§§ 

0.0525 

0.0378 

6.14 

97.S 

13 

“11 11 

it ft 

68.0§§ 

0.1185 

O.OS06 

3.92 

62.5 


* Preparations A, cozymase reduced in bicarbonate solution with NajS^O* (2)i 


Preparations B, dihydrocozymase isolated by Ohlmeyer^s method (1). 

t c, corrected for purity in those cases in which the data for purity (Columns 
and 6) are furnished. For notation see foot-note 2. i n f ^7) 

X Preparation considered “pure" by respective authors. ICubowitz add 
use 6 = 6.27 in the text of their paper. It is assumed that they have experimen a 
verified Ohlmeyer^s value. 

§ Calculated from ^ coefficients, with the relationship € — 0.4343 X (p X 
II Samples from same original preparation of cozymase. 

^ Purity based on phosphorus content of 8.0 per cent. 

** Purity determined manometrically with NajSaOi (2). zvmas^? 

It Purity based on apozymaae test (12). Ohlmeyer (1) used both t capo 
test and the phosphorus content for purity. 

It Purity based on ferricyanide-manometric procedure (4). 

§§ Purity based on direct titration with iodine (8). 

II 11 Prepared from aliquot of Schlenk’s cozymase (Analysis 6). oee 

of 375 to 305 mu. This is the spectral area covered by the 
tion band with a maximum at 340 mp. Cozymase has no an 
gion. Both the reduced and oxidized forms of the coenzy 
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‘‘non-specific'’ absorption band with a maximum in the region 255 mjLt. 
The latter band may be ascribed to the presence of adenine in the structure. 
It is evident from Fig. 1 that adenylic acid also has absorption in this 
spectral region, with an e value at the maximum of a magnitude similar 
to the corresponding band of dihydrocozymase. Our e values at 255 mp, 
are for dihydrocozymase and pure adenylic acid respectively 15.9 and 15.1. 
Although no correction for purity has been applied to the absorption in this 
spectral region in the case of dihydrocozymase, both e values are somewhat 
higher than corresponding values for this maximum recorded in the litera- 
ture (for dihydrocozymase (2), and for adenylic acid (13)). It may also 
be pointed out that for preparations of dihydrocozymase of different purity 
(Column 4, Table I) appreciably smaller deviations were obtained for the e 
values at 255 than for the specific maximum at 340 m^i. An example 
is the poor preparation (Analysis 13, Table I), for which the uncorrected 
e value at 340 mp is 2.66, or only 43 per cent of the adopted standard value 
of 6.27, while at 255 mjLt, uncorrected, e = 14.2, or 89 per cent of the value 
of 15.9. 

In elucidating the phenomena of absorption it is of intere.st to inquire 
as to what change in structure may be held responsible for the appearance 
of the 340 xnp band in the spectrum of dihydrocozymase. Upon reduction, 
the aromatic pyridine ring of cozymase is changed to a structure with con- 
jugated double bond character (see Equation 2). The origin of the new 
hand may very probably be ascribed to the formation of the conjugated 
double bond system. This view is supported experimentally in the study 
by Meyerhof, Ohlmeyer, and Mohle (14) of the'cozymase-bisulfite addition 
product. In this compound, without reduction, the aromatic character of 
the pyridine ring is lost, and a new band appears in the region of 320 m/x. 
Karrer and associates (15) have shown that nicotinamide iodomethylate^ 
like the coenzyme, upon reduction with XooSaOi yields an analogous spec- 
trum, with a new band at 360 m/i* 

In the spectrophotometric estimation of dih^'drocozymase, Ohlme^’^eFs 
€ value of 6.27 (1) has been adopted (Drabkin and Meyerhof (8)). In the 
present measurements on isolated dihydrocozymase, with purity ba^ed on 
the ferricyanide (4) or iodine (8) procedures, this value wa^ approached 
very closely. However, consistently lower e values were obtained on cozy- 
mase reduced in solution by Na 2 S 204 , vith purity determined by the 
dithionite-manometric technique (2). Hence it is obvious that in our 
hands (8) the spectrophotometric estimation of active cozjTna-e, with c = 
6.27, yields lower values than those obtained by manometry. 

The writer is indebted to Dr. Otto Meyerhof for cooperating in this 
work and for furnishing the sample of pure adenylic acid and preparatioa'^ 
of dihydrocozymase. 
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SUMMARY 

1. The absorption spectrum of isolated dihydrocozymase has beea 
measured. 

2. A comparison has been made of the € values for the maximum of the 
specific band of the reduced coenzyme at 340 m/^, obtained from isolated 
dihydrocozymase and from cozymase reduced in a bicarbonate medium 
with Na 2 S 204 . The implications of the measurements have been discussed. 
The origin of the 340 m/z band may be related to the change from the 
aromatic pyridine ring in cozymase to a structure possessing conjugated 
double bond character in the reduced coenzyme. 
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A SPECTROPHOTOMETRIC STUDY OF THE OXIDATION AND 
PHOSPHORYLATION OF d-GLYCERALDEHYDE 3-PHOSPHATE* 

By DAVID L. DRABKIN and OTTO MEYERHOF 

{From the Department of Physiological Chemistry^ School of Medicine^ University of 
Pennsylvania j Philadelphia) 

(Received for publication, September 29, 1944) 

The oxidative step of alcoholic fermentation may be written^ 

d‘Glyceraldehyde 3‘pho3phate + phosphate cozymase d-gly ceric (1) 

acid 1,3-diphosphate -t- dihydrocozymase 

The thermodynamic aspect of the reaction appears clear and important (1). 
The process provides and example, thus far unique, of the direct (rather 
than indirect (2)) coupling of an oxidation ^\^th the creation of an energy- 
rich phosphate bond. The reaction may be viewed as the energy donator 
which initiates the transphosphorylation process requiring at all subsequent 
steps the participation of transphosphorylase and adenosine triphosphate. 

Although the 2-fold character of the above process, oxidation and phos- 
phorylation, is evident, the mechanism of the phosphorylation still requires 
clarification. Warburg and Christian (3) and Negelein and Bromel (4) 
have postulated upon purely theoretical grounds the formation of an 
intermediate chemical entity, glyceraldehyde 1,3-diphosphate, whose 
production was assumed to be wholly a function of the concentration of 
phosphate. By determining “total” glyceraldehyde phosphate (mono- 
phosphate -b possible diphosphate), Meyerhof and Junowicz-Kocholaty 
(5) failed to demonstrate any effect of the addition of phosphate alone or 
together with cozymase and the oxidizing enzyme (3) upon the equilibrium 
between glyceraldehyde phosphate and dihydroxyacetone phosphate (iso- 
merase). They reached the conclusion that phosphorylation in the chemi- 
cal sense is accomplished only in the formation of the glyceric acid 1,3- 
diphosphate, as a direct result of the oxidative process. 

The work to be reported was undertaken as a supplement of the latter 
chemical studies. The equilibrium represented in Equation 1 and related 
equilibria were investigated by means of the spec trophotome trie determina- 
tion of the reduction of cozymase. Under certain conditions, which will 

* This work was aided by grants to one of us (O. M.) from Hoffmaim-La Roche, 
Inc., Nutley, New Jersey, and from the Penrose Fund of the American Philosophical 
Society. The construction of the spectrophotometer used in the mea.suremenU wai? 
made possible by funds furnished by the Harrison Department of Surgical Research. 
School of Medicine, University of Pennsylvania. 

^The term phosphate represents inorganic phosphate throughout. 

571 



572 




I * **v7o-rfiATi3 

r“r"- 

ra ehyde monophosphate, .ts far as w T indeed be formed from gly- 
emdence for a preonrso,. .,hieh h J ee" Ita 'J 

oofoft (r.S““ V1-~ment (a, .nd note m h 
^phosphate therefore is not the souS S n 

phosphate. However, the chm2 f "I"®” glyceric acid l.S-di- 

glyceraldehyde S-phosphate (Fischer bT “onomeric 

‘eating for some minutes in dilute HCI phosphate by 

« the structure of the diester i is in itself evidence 

ata upon equilibrium measuremelfo fF ! (7)- Some 

‘phosphate, before and after its hvdr 1) hi which the dimeric 

t^de 3-phosphate ivill be included^^ih^®*^’ ®“bstituted forglyceralde- 

can be titrated easily ivith iodine In found that dihydrocozymase 

Okould prove useful i Tme^re Z T"' 

The determrnatron b more simnia a !o of the reduced coenzyma 
manometric titration mth direct, and just as sensitive as Haas' 

potassium ferricyanide ( 9 ). 

rp, , Theory and Comments 

-tne eqmhbrium, which hnWc r n 
manner (chemical union or nhi * T is independent of the 

combine udth the triosjA mr» association) in which phosphate may 

tnose monophosphate, and may be represented by 

^ ^ Wibydrocozymase) 

under^ our cofdfi*,^Xcrrirtcid if Ko,;i.e.n. Since, 

change, its molecular cofcLtratinn ^ diphosphate undergoes no further , 
mase. Hence must be equal to that of dihydroco^ 

iDihydrocozyma ae]* 

[Cozymasel = -S' X felyceraldehyde phosphate] X fphospbate] C3l 

Tu T hypothetical addition product, which may he 

symbohzed by a. Equation 3 may be written 

/ X p' d? 

> Kindly supplied by Dr. Hermann 0. L. Fischer of the Banting Institute, Toronio. 
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The equilibrium concentrations of g' and p' here would be equal to their 
initial concentrations g and p minus the amount transformed into glyceric 
acid diphosphate, which is taken equal to dihydrocozymase (Equation 2). 
If the equilibrium concentration of dihydrocozymase is represented by A, 

^ - A] X [p - ft] (5) 

Equation 5 is equivalent to Equation 4, since = g — ft and p' = p — ft, 
and this relationship should apply in the absence of formation of the 
addition product, a. However, if the latter is formed in measurable 
amount, Equation 5 must be modified to include a, yielding 

^ — (ft 4- a)] X [p — (ft + a)] (6) 

In the graphical presentation of the dependence of r upon the concentra- 
tions of glyceraldehyde phosphate and phosphate, Equation 6 must lead 
to a different curve than that expected from Equation 5 or its equivalent, 
Equation 4, especially when p is much larger than g. Because of the range 
of concentrations employed, it was convenient to use the logarithmic form 
of Equation 4; namely, 

log r = log + log p' + log K (7) 

When p is kept at a constant level, at least 10 times higher than g (Table 
III), which is varied, p' may be assumed to be practically equal to p and 
constant. Hence p' and K may be collected into a single constant, K', 
and Equation 7 may be changed to 

log r = log -h log K* (8) 

If this relationship applies, log r plotted against log g' should yield a straight 
line of slope 1.0 or 45®. It is evident from Fig. 1 that the data, obtained 
under the above conditions, fit this relationship. Therefore, for varying 
concentrations of glyceraldehyde phosphate, simple mass law assumptions 
appear applicable. 

The situation is more complex when p is varied and g kept constant. 
Under the actual experimental conditions employed, an approach to con- 
stancy of g' at a moderately low level was obtained (Table III). Some 
deviation is unavoidable, however, since when g is low the relative magni- 
tude of ft is significant (g' = g ^ h, Equation 5). Under these conditions 
Equation 7 applies, and the direction of deviation is such that a plot of log 
r against log p' may be expected theoretically to 3 deld a line unth a slope 
somewhat less than unity (less than 45°). Our data (Fig. 2) show a con- 
sistent deviation in the opposite direction. Log r varies linearly with log 
p', but the slope of the lines is close to 60°; i.e., approaches a slope of 2.0. 
Thus, for changing concentrations of phosphate the equilibrium is more 
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phosphate 



andloff (dihydrocozymase^)/(cozyime) 

triosephosphateconcentrationwosvaned 
organic phosphate concentration was kept constant and reiatively Mgt 



Fig. 2. The relationship at equilibrium of log (dihydroco2y/nase*)/(co2yniaf^j 
and log (inorganic phosphate). The inorganic phosphate concentration was vane 
and the triose phosphate concentration maintained relatively constant. 

complicated than for variations in glyceraldehyde phosphate, and simp^^ 
mass law formulations are inapplicable. Apparently phosphate has 
other influence upon the equilibrium besides the final formation o 
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glyceric acid diphosphate or the formatiou of a diphosphate precursor (a). 
If a had been formed in suflScient quantity to be an appreciable fraction of 
y and g, values could be expected (Equation 6) which would fall appreciably 
below, rather than above the theoretical slope of 45®. 

The negative nature and the limitations of the above approach to the 
demonstration of or disproof of the existence of a hypothetical precursor 
are evident. A further approach to a solution of the problem is possible. 
The formation of dihydrocozymase in a system such as that described 
above may be compared with its production in a modified system in which 
the glyceraldehyde phosphate has been replaced by hexose diphosphate 
and zymohexase. In the latter case the system is kept supplied wth the 
triose monophosphate through the action of zymohexase upon hexose 
diphosphate. At equilibrium in this reaction it has been established (5) 
that 4.2 per cent of the total triose phosphate produced is glyceraldehyde 
phosphate. Hence, the amount of the latter may be calculated, and the 
amount of dihydrocozymase produced should correspond to this quantity, 
provided no intermediary or addition product is formed. 

If appreciable amounts of the addition product are formed in this case, 
more glyceraldehyde phosphate will be produced from the hexose diphos- 
phate and more dihydrocozymase than calculated for 4.2 per cent of 
aldotriose in the zymohexase equilibrium may be expected. Actually, this 
very situation was encountered in certain experiments with high concen- 
trations of phosphate and an excess of the oxidizing enzyme.. The amount 
of dihydrocozymase produced was 2- to 3-fold greater than in the corre- 
sponding experiments with glyceraldehyde phosphate (protocols of Ex- 
periments 36a and 39). This positive outcome seems to be consistent %vith 
the postulation of an intermediate. 

Methods 

Determination of Dihydrocozymase and of Total Active Cozymase — Spec- 
trophotometry was by the substitution method, described in the preceding 
communication (10). An ultraviolet photoelectric spectrophotometer, 
designed by one of us (D, L, D.), was employed. Since both the oxidized 
and reduced forms of the coenzyme participate in the equilibrium, it was 
necessary to determine not only the dihydrocozymase, but also, under the 
same conditions, the total amount of active cozymase present. In the 
spectrophotometric estimation of each of these quantities Ohlmeyer*s 
value € (c = 1 Txm per liter, d = 1 cm.) at wave-length 340 mpt = 6.27* 
was adopted as a constant (10, 11). As pointed out in the preceding paper 
(10), using the value 6.27 in the determination, we have consistently ob- 
tained 12 to 15 per cent lower values for the activity of five different 

* Calculated from Ohlnaeyer’s ^ coefficients (XI), with the relationship < (c =» 1 mu 
per liter, d = 1 cm.) = 0.4343 X O X 10“*). 
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samples of cozymase (reduced by arsenate in the presence of the oxidizing 
enzyme) than those yielded by manometry in the reaction with Na^SA 
(12). The spectrophotometric evaluation was adopted to secure consis* 
tency in both sets of analyses. 

Titration of Dihydrocozymasc in Neutral Solution with Iodine — The purity 
of isolated dibydrocozymase preparations can be measured manometricaliy 
by Haas^ method (9) of oxidation with ferricyanide in a bicarbonate me- 
dium. The reaction may be pictured as given in Equation 9. It is 

/^|CONHj 

+ 2Fe{CN)“ -> 

, N -OH+ 

1 I 

■ ■ — 0— P— 0— R' 


0 

Dibydrocozymase 


/%CONHj 
N® O® 


+ 2H+ + 2Fe(CN),= 


(9) 


R— O— P— 0— R' 


O 


Cozymase 

evident that*in the reaction AH*^ = 1, yielding 1 mole of CO 2 
manometricaliy). A new reaction, which is more simple and . 
the ferricyanide manometry technique, has been carried out. 
cozymase is titrated in neutral solution with iodine, in a micro 
2 equivalents of I” correspond to 1 mole of dibydrocozymase in t e rea 
shown in Equation 10. 



CONH, 

/\ 


4 - I 2 


\/ 

CH, 


N 


N®- 


P— 0~R' 


0 

Dibydrocozymase 


jCONH* 

CH 

K' 

II 

0 

Cozymase 


4. 2Hr 


( 10 ) 
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A comparison of the ferricyanide and iodine methods is provided by 
the data presented in Table I. Spectrophotometry was performed upon 
the same preparation of dihydrocozymase with the results reported in the 
preceding paper (10). 

The preparation of the different enzymes and substrates has been 
described by Meyerhof and Junowicz-Kocholaty (5), 

EXPERIMENTAL 

The amount of oxidizing enzyme necessary for establishing the equilib- 
rium in 5 to 10 minutes varied with the activity, which declined with the 
age of the preparations. In Table II data are presented to illustrate the 
order of activity of a rather fresh enzyme preparation (1 Aveek old). Each 
sample was made up to 3.6 ml., and had the following composition per ml.: 


Table I 

Comparison of Results by Iodine and by Ferricyanide Methods 


Preparation 

No. 

Dihydrocozy 

mase* 

O.OOS N I 2 
titration 

Ferricyanide 
method, CO] 
measured 

Concentration 
X 10»t dihydro- 
cozymase 

Purity 

Iodine 
method 1 

Ferricyanide 

method 


mg. ' 

ml. 

c.mm. 

M 

per cent 

per cent 

1 

5.90 

2.590 


6.47 

77.7 


1 

G.15 


152 

6.78 


78,2 

lat 

2.52 

1.055 


2.64 

74.2 


la 

1.89 

0.800 


2.00 

74.9 


la 

3.78 


86 

3.84 


72.0 


* Disodium salt of dihydrocozymase (mol. wt. 709), prepared by Ohimeyer's 
method (11) and air-dried. 

t Calculated from the analytical data. 

X Same as Preparation 1, tested 1 week later. 

cozymase, 0.146 mg., spectrophotometric determination with arsenate = 
1.75 X 10““* m; total triose phosphate, containing 0.094 mg. of alkali- 
saponifiable P, of which 0.064 mg. of P = 2.07 X 10“^ m glyceraldehyde 
phosphate; phosphate (pH 8.0) = 42 X 10“^ m; glutathione = 2.8 X 10~® 
m; 0.056 ml. of a diluted solution of oxidizing enzyme, prepared from a stock 
solution containing 7.8 mg. of protein per ml. In Experiment 4, Table II, 
effective activity was obtained Avith a concentration of enzyme of approxi- 
mately 1 part in 7 million. 

In Table III data from several typical experiments are collected for the 
equilibrium of Equation 2. In Experiments 36, 34a, and 34b the concen- 
tration of glyceraldehyde phosphate Avas varied, Avhile that of phosphate 
Avas kept constant and relatively high (approximately 10 times higher than 
the highest concentration of the aldotriose). In Experiments 35, 20a, and 
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The data at equilibrium under the above conditions were compared with 
those obtained in the system hexose diphosphate + zymohexase (see 
‘‘Theory and comments*')* Our problem was to find out what concentra- 
tion of glyceraldehyde phosphate, in the presence of a constant high con- 
centration of phosphate, would equal that which results from the hexose 
diphosphate system. To be certain that in the latter case the zymohexase 
equilibrium had actually been reached in the presence of cozymase and 
oxidizing enzyme, a third combination, consisting of triose phosphate and 
zymohexase, was tested also. The same equilibrium distribution could be 
expected in the triose phosphate and hexose diphosphate systems, provided 
that the initial concentration of the former was taken equal to the latter 
in respect to the P content. The following axam'ples show that this was 
the case. 

Protocol of Experiment S6a — For values of refer to Experiment 36, 
Table III. Composition of samples per ml., total cozymase (arsenate 
/'alue) — 1.94 X 10"^ m, oxidizing enzyme — 14 7, glutathione = 3 X 10^ 
ii, zymohexase = 0.083 ml, of a 5 times diluted stock preparation (5), 
phosphate (pH 8 ) = 69 X 10“^ m, and besides, in Sample 1, hexose diphos- 
phate in terms of P == 0.364 mg. of P, in Sample 2, triose phosphate in 
terms of alkali-labile P = 0,41 mg. of P, in Sample 3, a mixture of hexose 
diphosphate (0.24 mg. of P) and triose phosphate (0.135 rag. of P). The 
following optical density values, D, were obtained; Sample 1, 0.305, Sample 
2, 0.300, and Sample 3, 0.300. The last value of D, corresponding to 0479 
X 10“^ M dihydrocozymase (A), would be obtained in the absence of zymo- 
hexase at a concentration of = 0.120 X 10“* ai, interpolated from t ^ 
values in Experiment 36, Table III, where h = 0.435 X 10^ at correspon ’ 
to g* = 0.105 X 10~^ M and h = 0,53 X lO"^ m corresponds to g' ^ 

XIO-^M. -uAh' 

For ascertaining the concentration of triose phosphate establishe ) 
the zymohexase in these experiments, a sample exactly similar to Samp e » 
except for the replacement of phosphate by borate of pH 8, . 

at the same temperature (23'*) for 10 minutes and the alkali-labile e 
mined. Per ml. 47.2 7 of alkali-labile P were found, 4.2 per cen ( 
merase equilibrium) of this value, or 1.98 7 of P, may be calculate to re ^ 
sent glyceraldehyde phosphate. 1.98 7 of P per ml. correspond 0 • ^ 

10”^ M of The value actually obtained in the above tests 
10^® M, or twice as great. 

Protocol of Experiment 39 — The same procedure w 
ment 36a, with nearly the same concentrations for all 
phosphate (69 X 10^^ m) of pH 7 instead of pH 8, 
hexose diphosphate (0.358 mg. of P per ml.), gave D 
spends to h = 0.351 X m. Sample 2, with triose 
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of alkali-labile P per ml.), gave D == 0.256, corresponding to = 0.408 X 
10“^ M. Sample 3, containing per ml. 0.24 mg. of hcxose diphosphate P and 
0.125 mg. of triose phosphate P, yielded D — 0.212, ov h = 0.338 X 10*^ 
M. In the absence of zymohexase a closely similar value, D — 0.216, was 
obtained from a triose phosphate sample which contained 6.9 7 of gly- 
ceraldehyde phosphate P per ml. or 0.222 X 10“^ M. Since h was 0.034 X 
10“^ M (from D = 0.216), g' = g — h = 0.188 X 10“^ m. 

Determination of the triose phosphate in the zymohexase equilibrium, 
when phosphate is replaced by borate of pH 7.3, gave in 10 minutes at the 
same temperature (23°) 53 7 of alkali-labile P per ml. 4.2 per cent of this 
value is 2.23 7, or 0.072 X 10~^ m. Actually the corresponding value of 
g' in the above tests (Sample 3) was 0.188 X 10“’ m, or 2,6 times greater. 


Table IV 

Manomelric Experiments with Dimeric Glyceraldehyde 1 fS-Diphosphate* 


Substrate 

CO] produced 

Experi- 
ment 1 

Experi- 
ment 2 

Experi- 
ment 5 

Triose phosphate 

Glyceraldehyde diphosphate, direct 

“ “ after bydrolysisf. 

** “ with phosphorylase... 

Hexose diphosphate 

c. mm 

21 

0 

c. mm. 

33 

19.5 

1 0 

c. mm 

28 

0 

0 

! 


* In each sample the manometry was performed upon a volume of 1 ml., at 20°, 
and after incubation for 20 minutes. 1 ml. of the reaction mixture contained 0.1 ml. 
of active oxidizing enzyme, 0.5 mg. of cozymase, an amount of diester which corre- 
sponded to 0.2 mg. of P in terms of d-glyceraldehyde 3-phosphate, and had a concen- 
tration of 3 X 10"* M of arsenate. 

t Heated for 5 minutes at 100° in 0.1 n HCl. 

Similar results were obtained in four more experiments of this type, but 
in some others the values of the zymohexase experiments nearly agreed 
mth those calculated for g\ We believe that in the negative cases the 
oxidizing enz3ane was less active or damaged by the presence of the impure 
zymohexase solutions. The same explanation may account for the nega- 
tive findings in the experiment (No. 34b, Table III) with partly purified 
isomerase (13) and different concentrations of triose phosphate. Although 
the experiments involving the zymohexase equilibrium cannot be looked 
upon as final, they represent comparative measurements which favor the 
concept of an accumulation of an unstable addition product amounting, 
under our conditions, to 1 to 2 times the concentration of the glyceraldehyde 
m onophosphat e . 

In Table IV data from three manometric e.\periments upon Baer and 
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Fischer's dimeric glyceraldehyde 1,3-diphosphate (7) are presented. The 
system consisted of the oxidizing enzyme, arsenate, bicarbonate, and cither 
glyceraldehyde phosphate or the Baer-Fischer dimeric diphosphate. In 
the reaction 2 moles of (1 from glyceric acid phosphate and I from di- 
hydrocozymase) develop per mole of cozymase reduced. Under our condi' 
tions with excess of glyceraldehyde phosphate the reduction was complete 
in 20 minutes. The data (Experiments 1 and 3) indicate that the dimeric 
glyceraldehyde diphosphate is inactive, and therefore cannot be the sought 


for intermediary. The diester, however, is hydrolyzable by heating in 
HCl to glyceraldehyde 3-phosphate (Experiment 2, Table IV). The sjn- 
thetic diphosphate ester is also inactive in the presence of an active phos* 
phorylase, prepared according to Green and Cori (14), Avhich splits the 
aldehyde phosphoric group of glucose-l-phosphate (Experiment 3).* 
Hexose diphosphate does not react (Experiment 2), because the purified 
\ oxidizing enzyme is free of zymohexase. 

Similar results were obtained spectrophotometrically in corresponding 
experiments with phosphate in place of arsenate. The Baer-Fischer diester 
was treated with 0.8 n HCl at 38®. A very slow decomposition occurred, 
which in 30 minutes amounted to 6 per cent of the total phosphate, equiva- 


lent to 12 per cent of the carbonyl phosphate split. When such a prepara- 
tion ^vith a total content of phosphate of 0.18 mg. per ml. was incubated 
with inorganic phosphate (pH 8.4), cozymase, and oxidizing enzyme, an 
extinction of 0.20 was obtained. The same value was yielded by a solutiofl 
of 1 X M d-glyceraldehyde phosphate, which corresponded to 7 per cea 
of the d component of the synthetic diester. Without prefcreatment 
acid, a value for extinction which corresponded to 2 per cent of the d com 
ponent was obtained. This small reaction was accounted for by a s g 
spontaneous decomposition of the ester to glyceraldehyde monoph^p 
After treating the diester at room temperature with alkali, which oes 
attack the Baer-Fischer ester but destroys tlie triose phosphate, it ^ 


completely inactive with reference to the reduction of cozymase. 


SUMMARY ^ 

1. The equilibrium involved in the oxidation and 

d-glyceraldehyde 3-phosphate, in the presence of cozymase ^ ^ 

enzyme, to d-glyceric acid 1 ,3-diphosphate has been invcstiga 

photometrically. delined, does 

2. The reaction, under certain conditions which have oee to 

not obey simple mass law assumptions. Inorganic phospboO'’ 

have another function in the equilibrium besides that of s P 
lation or possible involvement in the formation of a prec 
acid diphosphate. 

*Th\3 experiment was suggested to us by Dr. H. O. L, Fischer, 
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3. Under specified conditions evidence has been obtained which is inter- 
preted in favor of the existence of an intermediary, unstable addition pro- 
duct as a precursor of glyceric acid diphosphate. 

4. The synthetic, dimeric glyceraldehyde diphosphate of Baer and 
Fischer (7) proved to be inactive. This diester therefore cannot serve as a 
precursor of glyceric acid diphosphate. 

5. Dihydrocozymase can be titrated directly in neutral solution with 
iodine. The procedure is as quantitative and more simple and direct than 
Haas* earlier manometric determination Avith ferricyanide (9). 
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A QUANTITATIVE METHOD FOR ETHANOLAMINE AND 
SERINE AS A BASIS FOR THE DETERMINATION OF 
PHOSPHATIDYL ETHANOLAMINE AND PHOS- 
PHATIDYL SERINE IN TISSUES* 

By CAAIILLO ARTOM 

(From the Department of Biochemistry ^ Bowman Gray School of Medicine y Wake Forest 
Collegej Winston-Salem, North Carolina) 

(Received for publication, November 3, 1944) 

In addition to ethanolamine which was formerly believed to be the sole 
nitrogenous component of cephalins, the hydroxyamino acid serine has 
been shown to be present in the cephalins of brain (1). Moreover, since 
the lipids of several other organs (2) and blood plasma (3) also contain 
amino acid N, it seems probable that serine-containing phospholipids are 
common constituents of animal tissues. Hence, there is a need for a 
practical method winch would enable one to determine separately the 
amounts of ethanolamine- and serine-containing phospholipids in biological 
materials. The estimation of their nitrogenous constituents after hy- 
drolysis^ would probably represent the most convenient basis for such a 
method. Accordingly, the action of periodate on ethanolamine and serine 
has been reinvestigated with the intention of exploring its applicabihty to 
the determination of these substances in the hydrolysates of tissue lipids. 

The reaction of periodate with serine was first shonm by Nicolet and 
Shinn (5) to be quantitative, presumably according to the equation 
HCH(0H)-CH(NH2)-C00H + NaI04 = HCOH + CHO-COOH + 
NHs NalOa. This equation is in agreement with, the results of Van 
Slyke et al. (6) and also with those of the present study. As for the ethanol- 
amine-periodate reaction, Van Slyke ei al. (6) observed low recoveries of 
ammonia (determined by the aeration method), whereas Ramsay and 
Stewart (7) (employing Conway's diffusion method) obtained satisfactory 
yields. However, when the latter authors applied the procedure to hydro- 
lyzed lipid extracts, they were able to recover only 65 to 75 per cent of the 
added ethanolamine. 

In the present experiments, theoretical values for the periodate reduced 
and for the formaldehyde evolved in the reaction mth ethanolamine were 

* Aided by a grant from the John and Aviary R. jMarkle Foundation. 

* Previous attempts to evaluate ethanolamine on the basis of ita volatility at 
relatively low temperature have been reported by Blix (4). 
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obtained, according to the equation- HCH(OH)*CH 2 (NH 2 ) + NaI0< - 
2HCOH + NHs + NalOa. Moreover, ndth the steam distillation pro- 
cedure, quantitative recoveries of aimnoma were observed after the action 
of periodate on both ethanolamine and serine. It was next found that 
these two substances can be separated by permutit, ethanolamine being 
quantitatively adsorbed, whereas serine is not adsorbed at all. Ethanol- 
amine can be eluted subsequently with a concentrated solution of sodium 
chloride. 

Since in the application of the method to tissue phospholipids these fin;! 
have to be hydrolyzed, the action of certain hydrolytic agents on ethanol- 
amine and serine was investigated. Hydrochloric acid in methanol did not 
cause any appreciable destruction of either compound, whereas considerable 
losses resulted from the treatment vnth an alcoholic solution of barium 
hydroxide. In the method proposed below, ethanolamine and serine am 
estimated from the ammonia liberated by periodate; consequently, Ibe 
significance of the results is dependent upon the absence in the materiali 
analyzed of other substances from which ammonia may be evolved during 
the procedure. Neither choline nor urea (a common contaminant of lipd 
extracts (8)) has been found to interfere. Among other known hydrolyhc 
products of tissue lipids, some, such as glycerol and galactose, do react wt 
periodate but obviously cannot yield ammonia. Because of the presence 
of adjacent amino and hydroxyl groups (9), sphingosine almost certain) 
yields anunonia by reacting mth periodate. An attempt has been jna e 
to remove the amino alcohol from the hydrolysates by both ether 
tion and filtration. However, it seems probable that this treatment 
not have been completely successful in certain materials, such as r 
lipids which contain large proportions of sphingomyelins and cere fosi 
Even in lipid extracts from other sources, the possibility remains t 
unidentified constituents may still be present which could 
by the action of periodate. Aside from these reservations on t le sig 
cance of the results, the procedure appears to be reasonably 
known amounts of ethanolamine and serine, added to lipid ex rac 
tissues, have been recovered almost quantitatively. 


Determination of Etkanolmnine and Serine in Solutions of Pure SM ^ 

On one fraction of the solution, the total amount of 
serine is estimated. Another fraction is passed through a co umn ^ 
tit and serine is determined in the filtrate. Ethanolamine 
estimated either by difference or by a direct determination i 

'Bamsay and Stewart (7) write the equation in 
CHiNHi 4- lOi" IQr + HCHQ + H^O + suggesting 
only 1 mole of formaldehyde for each reacting mole of ethano ami 
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The ammonia lesulting from the leaction ^Mth periodate is distilled with 
steam into a solution of staudaid acid and the exce*^ acid determined 
lodometrically. 

Reagents — ^Permutit, accoiding to Folin, sodium chloride, 30 per cent; 
alkaline borate solution (12.404 gm. of boric acid dissolved in 150 cc. of 

1 0 X NaOH; 3 5 cc. of this buffer, w^hen mL\ed wath 2 cc. of 0 2 m periodic 
acid, yield a solution of pH 9 6, appio\imately), periodic acid (HIO4 + 
2 H 20 ),^ 0 2 m, sulfuiic (or hydiochloric) acid, 0.01 N (or 0 005 x), sodium 
thiosulfate, 0 005 x, soluble staich, 1 per cent. All reagents should be 
chemically puie. They should be fiee of ammonia and protected against 
its absorption from the air 

Apparatus — ^For the permutit adsoiption, a piece of glass tubing 120 
mm long and 7 mm. external diameter, with one end slightly constricted 
and stoppered with a piece of cotton,-^ The tube is filled with 1 5 gm of 
permutit and the imconstricted end connected by a piece of lubber tubing 
to the stem of a small funnel. 

For both the leaction with periodate and the distillation of NH3, the 
Piegl distillation apparatus, as modified by Parnas and Wagner (11). 

Procedwe — The solution (preferably containing 0 6 to 3 rag, of ethanol- 
amine or 1 to 5 mg of serine (oi both) in a volume of about 5 cc.) is sent 
through the peimutit column, which is then w^ashed with a few' cc of dis- 
tilled watei Ethanolamme may be eluted subsequently with 5 cc. of the 
tjodvum chloride solution, follow ed by throe v^ashiugs w ith 1 or 2 cc of w ater 
each. 

The determmations of ammonia are then earned out as follows: In the 
receiving flask of the PainasAVagner apparatus are measured accurately 
5 01 10 cc of 0 01 X sulfuric acid In the digestion flask are placed, m the 
order given, (a) the solution containing seiine or ethanolamme (or both), 
(6) 1 drop of paiaflin oil, (c) 3 5 cc. of the alkaline borate solution, (d) 

2 cc of the pel iodic acid solution ® The stop-cock connectmg the 
funnel to the digestion flask is closed immediately after each addition ® 

^ G Frederick Smith Chemical Company, Columbus, Ohio 

* A similar adsorption apparatus has been used by Dubnoff and Borsook (10) 
for the removal of arginine, a stage preparatory to the determination of gl> coc> amine 
in biological materials 

® In the aeration procedure employed by Van Slyke et al (6) for the determination 
of h>dro\yarmno acids, an excess of glycine is added to the reaction mixture m order 
to make the ammonia yield quantitative When the ammonia is separated by 
steam distillation, this addition becomes unnecessary 

® The steam distillation may be earned out under reduced pressure, as used by 
Parnas and Heller (12) m their determinations of NHj m blood With such an 
arrangement, the liquid m the distilling flask can be maintained at a much lower 
temperature However, identical results were obtained on hydrolysates of lipid 
extracts from tissues, with either this procedure or the simple steam distillation. 
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Steam is then passed through the liquid for 7 minute:? The in- 
ceiving flask is lo\Aered, so that the tip of the condemei lenuinsalxne 
the level of the standard acid solution, and the distillation continued foi 1 
minute. The tip is then washed luth a htfcle watev into the flask 2cc 
each of potassium iodide and potassium lodate solution^ aie added Tlie 
flask is stoppeied. Aftei 5 minutes, the Iibeiated iodine b titiatcdtoa 
faint yellow coloi with 0 005 n thiosulfate by meaii'^ ot a micio buiette 
graduated in divisions of 0 05 or 0.01 cc. ; the titration ib completed aftci id* 
dition of 10 drops of the starch solution. With each seues oi anabsea, a 
blank is run on all the reagents in the amounts used and the lesults of tk 
titration corrected accordingly.^ 

Calculations — 1 cc. of 0.005 n thiosulfate (corrected for the blank) = 
0.303 mg. of ethanolamine = 0,525 mg of serine. 

Application of Procedure to Determinahon of Phosphatidyl Ethanohitiin^ 
and Phosphatidyl Serine in Tissites 

The lipids, extracted from the tissues, are hydrolyzed with methanolic 
HCl, which is later removed. The hpid hydrolysate is dissolved m ^^ater 
and the aqueous solution extracted 'ivith ethyl ether (oi petroleum ether) 
and filtered. In the filtrate ethanolamine and serine aie then determined 

Extraction aUd Hydrolysis of Lipids — ^Larger samples of tissue (10 
15 gm.) are dehydrated with cold alcohol, then extracted ^\^th boiling alco' 
hoi in a continuous extraction apparatus. The alcohol is iemo\ ed at about 
45° under reduced pressure, the dry residue dissolved in chloroform, and t e 
solution filtered through asbestos. On smaller samples (4 to 6 gmj,^ 
simpler procedure, previously described (13), may be used Fiomasui 
able aliquot of the chloroform solution,^ the solvent is e^aporatedan ^ 
residue refluxed for 3 houis with 5 cc. of a 6 N solution of HCl m 
This is then removed at 60° under reduced pressure; the elimination o 
HCl should be complete or nearly complete, since the adsoiption 
amine in strongly acid solution is not quantitative (Table II) bn e 
conditions described, no losses of eithei seiine or ethanolamme uerc 
tectable. . 

Extraction and Filtration of Solutions of Lipid Hydiolysat^^ 
residue is dissolved in 5 cc. of water and the solution extracted 

’ The adsorption and titration of ammonia m bone acid solution Ol 

employed successfully 5 cc of saturated boric acid solution an 
per cent solution of methyl red (or biom-cresol green) are placed m ^j^ggoiu 
flask of the Parnas-Wagner apparatus After distillation of the 1 

tion IS titrated with 0 01 n acid to the same color as that of the i 
cc of 0 01 N acid == 0 606 mg of ethanolamine = 1 05 mg of 

8 In those materials in which larger proportions of sphingosine of 

present, a fractionation of the chloroform extract is probably req 
the results reported m the following paper) 
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portions of either ethyl ether or petroleum ether (20, 15, and 10 cc.).® The 
extracts are discarded. The aqueous solution is freed from the last traces 
of the organic solvent ^\^tll a stream of air, then filtered through an asbestos 
filter covered \vdth a layer of sand. After washing the filter, the filtrate 
is brought to 12 cc. and divided into two fractions, one (4 cc.) for the deter- 
mination of the sum of ethanolamine and serine, the other (8 cc.) for the 
determination of serine, after the adsorption of ethanolamine on permutit. 
Both fractions are neutralized to phenolphthalein and the reaction with 
periodate and distillation of ammonia carried out, as described. 

The determination of ethanolamine by difference is somewhat shorter. 
Moreover, the results obtained by this procedure can be checked by a direct 
determination in the eluate. The latter method must of course be em- 
ployed if the amounts of material available are limited. 

Blank Analyses — or the determinations of serine after permutit adsorp- 
tion the blank analysis is carried out on the reagents used in the neutraliza- 
tion of the filtrate and in the evolution and distillation of ammonia. For the 
determination of the total ethanolamine + serine, and for that of ethanola- 
mine in the eluate, the blank should also include the methanolic HCl em- 
ployed for the hydrolysis of lipids, as this may contain appreciable amounts 
of ammonia. 

Calculations — In the present status of our knowledge, it is probably 
more correct to report the results of the titrations directly as phospholipid 
equivalents. However, if one prefers to convert the data into approxi- 
mate weights of phospholipids, the follo^ving relationships may be used. 
1 cc. of 0.005 N thiosulfate (corrected for the blank analysis) =3.75 mg. of 
phosphatidyl ethanolamine = 3.95 mg. of phosphatidyl serine. 

EXPERIMENTAL 

Reduction of Periodate hy Ethanolamine and dl-Serine and Formation of 
Formaldehyde {Table 1) — To pure solutions of ethanolamine,^^ dl-serine,^® 
and choline hydrochloride/® an excess of periodic acid was added. The 
reaction mixture was made slightly alkaline to phenolphthalein and the 
volume adjusted to 20 cc.“ After 20 minutes at room temperature, 1 

® It was found convenient to perform these extractions in centrifuge tubes of 50 
cc, capacity, the ether layer being siphoned off after each extraction. In case of 
troublesome emulsions, the mixture may be centrifuged. 

Merck and Company. The solutions were standardized by the following meth- 
ods. Ethanolamine in aqueous solution was directly titrated against standard acid 
with methyl red; df-serine in 50 per cent dioxane was titrated against standard alkali 
with thymolphthalein; in choline hydrochloride solutions, N and Cl were determined, 

“ The results were not affected by variations in the volume of the mixtures (5 
to 30 cc.), in the time of reaction (5 minutes to 2 hours) and in the initial pH (7 to 10). 
However, in acid solutions periodic acid appeared to be reduced at a definitely slower 
rate. 
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stird add ti af oSngeToirr 

M) and 2 cc. of 10 per ceft po^iul buffer CoH 

jodme titrated „ith standoff ^Sat r S' 
t^osulfate equivalents titrate 1 mole ef ' • j coaditionj, to 

^berated from the iodic acid formed • 

Formaldehyde was determined bv ore ’ '‘^^action of periodic atii 

y precipitation with dimedon, aecordingio 

Most v/AVASt IvtaseoPZ'alfc f SlMmn. arJSci: 

Whea larger aerica of anih. 

I : ~~ r— 

HCOHfwsftJ 
I R«srre-3 

pir cenS I aicr^fi^es I /cr*«i 



304 

(37^05) 
293 
(2$S-300) 
200 

(190-206) 

101 

(96-lOS) 
51 
(50-53) 
290 


9S 

191-101) 

97 

(95-10}) 

m 

(95-103) 

101 

(93-105) 

102 

(ICO-lU) 
97 


95 

94 

95 


thf> ^i‘3'3taliizatioa from alcohol, the melting pom^ 

for the dimpW^ ethanolamine corresponded to tiwt giV^ 

. ^™tive of formaldehyde (isr (14)). From Tablel 
rpdiippd ^ r? o ^ reaction with ethanolamine 1 mole of penodicaddii 
ed and ^ moles of formaldehyde are fonned. TOth serine or 

imxtixres the amounts of reduced periodate n,'enj 9 
r ^ sx^cted (probably because of secondary reactions nithgbo^^ 

he acid fonned from serine (6)). Urea and choline hydmchloride did so. 
react with penodate. 
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Formation of Am7noma from Eihanolamine and Serine (Table 11) — With 
the method used for the determination of ammonia theoretical yields were 
obtained from ethanolamine as well as from serine or from mixtures of both 
substances. From the results obtained in the filtrate after adsorption and 
in the eluate, it is apparent that the procedure described for their separation 

Table II 


Formation of Ammonia from Eihanolamine and Serine (or Both) in Reaction 

with Periodate 





NHi periodate 

Recoveries* 

£thx- 

nol- 

amine 

di- 

Serine 

Other substances 

Before 

adsorp- 

tion 

After 

adsorp- 

tion 

Eluate 

Etha- 

nol- 

amine 

+ 

serine 

Etha- 

nol- 

amine 

Serine 

micro- 

moles 

micro- 

moles 


micro - 
moles 

micro- 

moles 

micro- 

moles 

per 

cent 

per 

cent 

per 

cent 

100 



99.3 

0,5 


99 

99 


50 



50.8 

1,0 

49.5 

102 

99t 


30 



29.1 

0,6 


97 

95 


20 



19.5 

0.2 

19.0 

9S 

95t 



lOO 


101.0 



101 




50 


49.4 

49.0 


99 


98 


30 


29.0 

29.2 


97 


97 


20 


20.5 

19.3 


103 


97 



Choline HCI, 100 micromoles 

0 








Urea, 100 micromoles 

0.1 

1 

1 

i 


1 

60 

50 


101.5 

i 48.3 


1 102 

106 

1 97 

50 ' 

50 

Choline HCI, 100 micromoles 

96.7 

49.1 

47.8 

97 

' 96t 

98 

50 

30 


81.5 

29.5 


102 

; 104 

98 

50 1 

15 

Urea, 100 micromoles 

67.7 

14.3 


104 

107 

95 

50 

15 

“ 100 


14.5 

48.5 

97 

97t 

97 

3Q ; 

50 

Choline HCI, 100 micromoles 

79.5 

49.0 


99 

102 

98 

15 

50 

“ “ 100 

65.5 

49.1 

14.2 

101 

94t 

99 

50 1 

30 

N HCI, 2 cc. 

77.9 

39.2 


97 

77 

127 

50 


tt 2 “ 

49.5 

12.0 


99 

75 



60 

i< << 2 ** 

50.3 

49.8 


101 


100 

50 ’ 


“ NaCl, 2 cc. 

49.2 

14.5 


98 

69 



* Recoveries of ethanolamine are calculated from the differences between the 
results obtained on the solutions before and after adsorption, except for the values 
marked with f which are calculated on the basis of the determinations made on the 
eluate. 

is satisfactory. Neither choline nor urea interferes. However, in the 
presence of comparatively large amounts of hydrochloric acid or sodium 
chloride the adsorption of ethanolamine on permutit becomes incom- 
plete. 

Recovery of Eihanolamine and Serine after Treatment with Ba(OU)i in 
Ethanol or with ECl in Methanol (Table JJJ)— Small amounts of ethanol- 
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method for ETHAXOLUXEfE A.VD SERIXE 

iiruine and serine were treated witJ i ^ t 

procedure used by Erickson et dl flS) foS W 

iiig phosDholinid<? tk; 4 - 4 . ^ ^ ^y^^olysis of choline-contain* 

amounts of ethanolaminp on.? c ^ In other experiments, the saa 

nolle HCI and siib-pm fi <■ refluxed for 3 hours with metb- 

HC 1 and subsequently treated exactly as described for the app!ic.«:.u 


Hecoven es 


Table III 

of Ethanolamine and Serine after Treatment with Bamt ■» f/’r.t 
^Cl in Methanol 


ElhanoJamujc | efi-Serine 

1 

Ba(OHj5 in ethanol 

HCI ia methxsd 

1 N'Hj periodate 

Recoveries 

1 

1 XHi periodate 

Rccorer's 

micromo^cd 1 nicromeUz 
oO } 

50 

50 1 so 

50 ; 25 

25 ■ 50 

micrantolcs 

20 

46 

59 

47 

69 

cfni 

40 j 

92 

59 j 

63 

92 

wifreMv/er 

! 51 

49 j 

96 

72 

74 1 

fctaiC 

m 

95 

96 

06 

90 


Table IV 

emoial of Interfering Substances bg Extraction with Ether and Filtration ofLifd 


Rat tissue 


Liver (Extract I) 

“ ( " II) 

Same + o micromoles each of ethanolamine 
and serine 
Muscle (Extract I) 

“ ( ** II) 

Brain ( ** I) 

11) 


Extraction with petroleum ether. 


XUi periodate 

Before 

After 1 

treatmen 

treatment j 

nicromalcs 

CT/rrtfjJt.?/er j 

16,4 

14.3 

20.S 

15.9* 

30.9 

26,4* 

7.1 

6.6* 

6.7 

6.3 

59.0 

52.6 

01.2 

52.3 


'SeSr^-^ 

(^dSerC-T 


Its 

17.4 



of the method to the h3’^drolysates of tissue phospholipids. Here 
recoveries of both substances were observed. 

Removal of Interfering Substances from Lipid Hydrolysates [TcMe / 
The NHj liberated by periodate has been determined on t^vo fnictioni^ ^ 
same lipid hydrolysate, before and after extraction with ether 
ether) and filtration through asbestos filters. The amounts ^ 

phospholipids present in the tissues have also been estimated im 
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difference between the values for total and choline-containing phospholipids 
(calculated from the results of phosphorus and choline analyses, respec- 
tively). 

It is apparent that the suggested treatment removes not negligible 
amounts of substances (other than ethanolamine and serine) which evolve 
ammonia by reacting with periodate. After removal of these substances, 
the values obtained by the present procedure on liver and muscle extracts 
corresponded closely to those calculated for the non-choline phospholipids, 
whereas they were still definitely higher in the hydrplysates of brain lipids. 


Table V 

Recoveries of Ethanolamine and Serine Added to Lipids Extracted from Rat Livers 


Lipid 

Ethanolamine 

Serine 

NHi periodate 

Total recoveries 

extract 

No. 

In 

extract 

Added 

In 

e\tract 

Added 

Before 

adsorp- 

tion 

After 

adsorp- 

tion 

Eluate 

Ethanol- 
amine -i- 
serine 

j i 

t Ethanol- tr_.- , 

1 amine 

I . ! 


micro- 

moles 

micro- 

moles 

micro- 

moles 

micro- 

moles 

micro- 

rnoles 

micro- 

moles 

micro- 

moles 

per cenl 

i Per cent 

per cent 

Ill 


35 


15 


21 

53.0 

100 

98 

105 



30 

5.0 

15 

67.6 



9S 





15* 


35* 


40.5 

33.0 

99 

97 

101 


12.7 


3.3 

9.5 

46.1 

12.6 


101 

102 

98 


12.7 


3.3 

9.5 


12.4 

12.6 

98 

99 

97 


12.7 


3.3 

14.3* 


17.5 

12.2 

98 

96 

99 


12.7 


3.3 


i 44.0 

21.0 


98 

101 

94 


12.7 


3.3 

28.5 


30.5 



96 


IV 

15.8 


4.2 


59.0 

24.5 


98 

99 

101 


15.8 

6 

4.2 


27.0 


22.5 

104 

103 

107 


7.9 

25* 

2.1 


35.0 



100 




7.9 


2.1 


35.0 

1 28.0 


100 

89 

103 


7.9 


2.1 

■ 


1 24.5 

26.0 

101 * 

t 

93 

1 

111 


* Substances added to the extracts before hydrolysis. 


Similar findings on lung and kidney lipids will be reported and discussed 
in the following paper. 

Recoveries of Ethanolamine and Serine Added to Lipid Extracts of Tissues 
{Table V) — In these experiments, the chloroform solutions of the lipids, 
extracted as described from the pooled livers of two groups of rats, Ex- 
tracts III and IV, were used. Variable amounts of ethanolamine and serine 
were added to aliquots of the solutions, usually after hydrolysis with HCl 
in methanol. The total recoveries on the samples before adsorption were 
practically complete. As could be expected, the results obtained after 
adsorption and elution are somewhat less accurate but even in the deter- 
mination of individual substances, the error usually did not exceed 5 per 
cent of the calculated values. 
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METHOB FOR ETHANOLAMINB ANB SEri^^e 


The writer is jDdebted to Dr. W. H. Fishman for helpful advice and 
criticism. 


sxjmmary 

Ethanolamine and serine may be determined quantitatively in a mixture 
of the pure substances. The procedure involves the reaction mthalMce 
periodate before and after ethanolamine is removed by adsorption on 
pennutit. The NH 3 evolved is separated by steam distiUation and deter- 
mined. 

The conditions for applying this method to the estimation of ethanol- 
amine- and serine-containing phospholipids in tissues are outlined. 

Addetidum — Since this manuscript went to press, (m abstract has ap- 
peared of a paper by Jones (16) . His data for the ethi^nolamine-periodate 
reaction are in complete agreement with those presented here. 
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SOME DATA ON THE DISTRIBUTION OP INDIVIDUAL PHOS- 
PHOLIPIDS IN RAT TISSUES AND IN HUMAN 
PLASMA* 


Bt CAMILLO ARTOM 

(From Ihe Department of Biochemistry, Bowman Gray School of Medicine, Wake Forest 
College^ WinHonSalemf North Carolinxi) 

(Received for publication, November 3, 1944) 

A quantitative method for ethatiolamine and serine has been described 
and its possible application to the determination of phosphatidyl ethanoh 
amine and phosphatidyl serine in tissues has been pointed out (1). By 
employing this procedure, data on the amounts of these phospholipid frac- 
tions in some rat tissues and in human plasma have been obtained. Since 
the total and choline-containing phospholipids have also been evaluated, 
n rather detailed picture of the distribution of individual phospholipids in 
these materials may be outlined. 

EXPERIMENTAL 

Three groups of male albino rats, raised on a stock diet (Rockland Farms, 
complete) to about 150 gm., were killed by decapitation and the determina- 
tions made on pooled samples of their tissues. Human plasma (120 cc.) 
was separated by centrifugation of citrated blood, collected from various 
individuals. The procedures used for the extraction and purification of 
lipids from the tissues of rats (1, 2) and from human plasma ((3), method 
(c)) have been described. On aliquots of the chloroform solutions of 
lipids thus obtained, after wet combustion or hydrolysis, phosphorus (4), 
eholine (2), ethanolamine and serine (1) were determined. 

In one analysis of kidney and of brain, a portion of the chloroform solu- 
tions, after removal of the solvent, has been further treated with ethyl 
ether. The ether-insoluble material which settled out immediately (kid- 
ney) or after standing for several weeks (brain) was separated by centrifuga- 
tion, and the determinations repeated on the clear ether solutions. 

In Table I the results are expressed as micromoles of phospholipids for 
1 gm. of moist tissue or 100 cc. of plasma. For this purpose, the weights 
of the total phospholipids have been first calculated from the phosphorus 
figures, by use of the empirical factor 22.7 (previously determined in rat 
liver and muscle (2)). By dividing by 0.775 (25 X 0.031), the weights in 
mg. were then converted into micromoles of total phospholipids. The 
equivalent values for the individual phospholipid fractions have been 

* Aided by a grant from the John and Mary R. Markle Foundation. 
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Here the discrepancies are of such a small extent that they may be explained 
by the limits of error of the methods and by the use of an arbitrary factor 
for the calculation of total phospholipids. When the differences are 
significant, as in the heart, they may be suggestive of the presence of un- 
known. phospholipids (5) or of other compounds, such as phosphatidic 
acids and ^'cardiolipin^' (6), which contain phosphorus but no nitrogen. 

On the other hand, in the lung, kidney, and brain, the sum of the ethanol- 
amine- plus serine-containing phospholipids is considerably greater than 
the amount of the non-choline-containing phospholipids. As pointed out 
previously (1), the higher value could be ascribed to an incomplete removal 
of sphingosine (either free or combined in products of partial hydrolysis, 
whose solubility characteristics may be different from those of th 
free base) ; such a cause of error would, of course, become more importa 
in materials in which larger proportions of sphingomyelins^ (or cere b resides, 
or both) are present.* At any rate, it is apparent that in the ethe 
fractions of the brain and kidney lipids, the sum of phosphatidy 
amine and phosphatidyl serine corresponds closely to th 
non-choline-containing phospholipids.^ 

Data on the amounts of total and choline-containing phos 
tissues of various animals, including rats, and in human plasma 
reported in a number of papers from this (2, 3) and other la 
Most of these previous data agree fairly well with the values report 
On the other hand the only results of the previous literature with whi 

^ In the brain, lungs, and kidneys the sphingomyelins represent between 1 
33 per cent (cat tissues (7)) or between 15 and 25 (beef tissues (8)) per cent o 
total phospholipids, whereas in the liver, heart, and skeletal muscles they constit 
only 7 to 9.5 per cent (cat) or 4 to 6 (beef) per cent of the total phospholipids. 

* There are of course other possible explanations such as the existence of 
amino phospholipids with a constitution other than that of sphingomyelins, or t 
presence in the lipid hydrolysates of undetermined nitrogenous components which 
also might liberate ammonia by reacting with periodate. These possibilities do not 
appear unreasonable when the very recent advances in this field are considered (9- 
11). In this connection, it may also be mentioned that in the determinations by 
Chargaff el al. (5) 50 per cent of the non-amino N in the phospholipids of pig heart 
and beef brain could not be identified as choline N". Moreover, 36 per cent of thf* 
amino N in the phospholipids of pig liver was present in compounds other than 
ethanolamine or amino acid. 

^ From the data reported in Table I, it may be calculated that in the ether-insolu- 
ble fraction, separated from the crude kidney extracts, the molecular ratios of P to 
choline to NHj periodate were 1:1.24:1.14, which approximate those expected for 
sphingomyelins. However, in the ether-insoluble portion of brain lipids the cor- 
responding ratios were 1:0.1:2.32. A discussion of the significance of these findings 
would at present be merely speculative. 

* A comprehensive study on the distribution of lipids in the tissues of various 
animals has been published recently by Kaucher cl al. (8). For additional infor- 
mation on the subject, the reader is referred to the articles on fat metabolism in the 
recent volumes of the “.\nnual review of biochemistry.** 


59S 


PH0SPH03LIPID3 IN TISSUE .00) PJLiSiU 


present values for ethanolamme- and serine-containmg phospholipids 02 
be compared are those published by Chargafi et al (0) on phospholip! 
mixtures isolated from pig and beef tissues. Even this comparisoa 
somewhat arbitrary, as in their analyses the preliminain' puriBcatloa 01 tl 
materials may have caused losses to a different degree in the rarious 
pholipid fractions. If this point, as well as the differences in the anii::^ 
species and in the procedures employed are taken into consideratioa. tl 
j^eneral agreement between their values and those of the present lavestig^ 
tion may be regarded as satisfactory (Table II). 

At any rate, since the specificit}^ of the method employed in the prescr 
analyses is only relative, the data reported here merely represeat 


Table II 

Comparison hcliccen Previous (5) Present Data o^^ of 

and Serine-Coniaining Phospholipids itx Some Tissues 



Method 


ri5S.ie 




Liver 

Heirt 


1 B.tJ 

Ethanolaniine X *(5) 

Isotope dilu- 

27.2 

3$.6 


U.4 


tion 





Ethanoiamine- containing 

i 

i 


1 


phospholipidsf 1 

XH^ periodate 

27.3-32.2 

4S.6, 31.2 

15.7 

7.S, 12.0 

Lipid amino acid X *(5) ■ 
Serine-containing pho5- j 

Xinhydrin 

XHj periodate 

6.7 

7.4-11.3 

7.0 

7.2, 11.3 

.1.0 

pholipidst . j 



i 


— 


* Per cent of total Upid N (beef or pig tissues), 
t Per cent of total phospholipids (rat tissues). 

X Ether-soluble fraction. 


maximum possible values for the amounts of ethanolamine- an 
tmningphospholipids in plasma and tissues. Accordingly, itma> 
that, while the latter group of phospholipids is probably 
sues, it represents only a minor fraction of the total and a 
non-choline-containing phospholipids. 

SUMMARY 

Total, choline-, ethanolamine-, and serine-containing phc^pholip 
been determined in several tissues of mts and in human 

Serine-containing phospholipids htive be^ found ari 

analyzed. However, they represent only a minor fraction 0 
also of the non-choline-containing phospholipids. 
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STEROID EXCRETION IN A CASE OF ADRENOCORTICAL 

CARCINOiMA 

II. AN EXAMINATION OF THE NON-KETONIC FRACTION PRECIPITABLE 

WITH DIGITONIN* 

By H. HIRSCHMANN and FRIEDA B. HIRSCHIMAKN 

{From the Department of Medicine, School of Medicine, TFesfern Reserve University, 
and the Lakeside Hospital, Cleveland) 

(Received for publication^ October 9, 1944) 

In the course of an investigation of the steroids excreted bj' a boy with 
adrenocortical carcinoma ( 1 ) a triol of the androstene series was isolated 
which carried its hydroxyl groups in the same positions as estriol. In 
view of this structural similarity the question was raised whether the two 
compounds are formed by analogous reactions in the body. While this 
hypothesis has not yet been tested experimentally, it seemed of interest 
to investigate whether further similarities exist between the excretion 
products of the androstene and estratriene series. The latter of these in 
the human comprises estriol, estrone, and a-estradiol. While the 17- 
ketone of the androstene series, dehydroisoandrosterone, has long been 
known as a constituent of human urine, A^-androstenediol-303) .i7(a), 
the analogue to a-estradiol, has not yet been isolated from natural sources. 
We have, therefore, searched for this compound by extending the analysis 
of the tumor urine to the non-ketonic fraction precipitable with digitonin. 

This fraction was obtained as a complex mixture of crystalline material 
which could not be separated readily by fractional crystallization. It was 
therefore acetylated and subjected to chromatographic analysis. In this 
manner six different crystalline compounds were isolated. Two of these 
were identified as the diacetates of A^-androstenedioI-3(d), 17(o') and of 
A^-pregnenediol-308),2O(a). A third substance is in all probability a 
A®-pregnenediol-303),20(a) monoacetate, while the structure of the re- 
maining three compounds has not yet been detezmined. 

The compound present in largest amounts melted at 147°. Analysis of 
this product and its parent substance indicated that the isolated material 
was the diacetate of a diol, C 21 H 34 O 2 . The only dihydroxysteroid with 
this foimula which has previously been encountered in urinary extracts is 
A^-pregnenediol-3(i0),2O(Qr). It was found in the urine of pregnant mares 
(2) by Marker who also obtained it in the degradation of diosgenin (3). 
While there was good agreement in the melting points of the diacetates 

♦ This investigation has been made possible by a grant from the Commonwealth 
Fund. 
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(4), our diol possessed a melting point 9“ higher than the highest value 
recorded for pregnenediol. In spite of this discrepancy our product was 
equivocally identified as A5-pregnenediol-3(/3), 20(a). Like .Marker’s 
compound our diol yielded upon oxidation progesteron; and upon redul 

identities of the reaction products 
ere established by muxed melting point determinations ivith authentic 
specimens. The requmed allopregnanediol-3(^), 20(a) and its diacetate 
were prepared from allopregnanediol-3(a),20(a) by epimerization with 
^*eaction5 establish the nature of the carbon skeleton 
ot the jsoJated diol and the positions and configurations of the hydroxTi 
groups an emonstrate the presence of a double bond between carbon 
atoms 5 and 6, or conceivably between 4 and 5. As the diol is stable 
towards acid and does not give the Rosenheim reaction, an allylic arrange- 
ment of ethylene and hydrox3d groups as is present in A^-pregnenediol 
can be excluded (7). 


The diacetate of pregnenediol was accompanied by small amounts of a 
igher melting compound whicli likewise ydelded A^-pregnenedioI-^Ci?).- 
20(flf) upon hydroly^sis. The analy^tical values agreed quite well with 
those demanded by the formula C23H36O3. The substance is therefore 
regarded as a monoacetate of pregnenediol - 
^ The second compound present in large amounts was identified as the 
diacetate of AS-androstenediohSOff) , 17(a). This' structural assignment is 
based on the analyses, melting points, and mixed melting points of the iso- 
lated material and of its parent compound, and is confirmed by the con- 
version of the diol to A^-androstenedione-3,17. The reference specimens 
AVere prepared from dehydroisoandrosterone (8-10). 

The remaining three compounds wliich have not been identified are 
provisionally designated as Compound Ba, and as the acetates of Con 
pounds A and C, respectively. Compound Ba has been obtained in \cr 
small amounts and has been characterized only by its melting poin 
(232,5— 234.5^). Compound A gave analytical figures in close agreenicn 
Avith the formula C2iH340a. The 3 oxygen atoms are present as bydroA> 
groups in reactive positions as is indicated by the formation of a 
acetate, C27H40O6. The analysis of the acetyl derivative of Compoun 
suggests that it is a diacetate of a compound C20H32O3 i 


1 Throughout this paper a hydroxyl group at C-20 is designated as * a*’ 
figuration is the same as in natural pregnanediol (preenanediol^(«)i^^^^^^^* 
Pregnanediol and allopregnanediol-3(/3),20(a) possess the same spatial 
at C-20, since A^-pregnenediol can be converted by reactions not 
asymmetric center to aIIopregnanediol-3(/3),20(a) (2, 3) and ^ 
one-3 (4) identical with the d<-pregnenoI-20(a)-oue-3 prepared from 


3(a), 20(a) (6). 
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tional data are required to clarify the composition of this product, but 
must await the accumulation of larger amounts of material. 

The isolation of these six substances accounts for 37 per cent of the 
acetylated, non-ketonic compounds which precipitated \vith digitonin. 
The remainder of the material is distributed rather evenly over the various 
eluates and the presence of additional compounds in large amounts, 
therefore, is not to be expected. We have failed so far to isolate cholesterol, 
the only constituent of this fraction that hitherto has been obtained from 
normal human urine. This was to be anticipated, however, since the 
volume of urine examined was insufhcient for this purpose unless the 
concentration of cholesterol greatly exceeded that reported for the majority 
of cases of carcinoma (11). 

Neither pregnenediol nor androstenediol has been found previously in 
human urine. While their absence from normal urine cannot be taken for 
granted, it seems out of the question that these compounds could have 
escaped detection if their concentrations in normal urine were comparable 
to those encountered by us. The yield of pregnenediol amounted to 35 
mg. per liter, which exceeds that of the total non-ketonic fraction of the 
urine of normal men as reported by Callow (12) (22.4 mg. per liter). 7.7 
mg. of androstenediol were isolated from 1 liter of urine, which is equiva- 
lent to about 15 i.u. in the capon assay (13), The androgenic potency of 
a “low ketone** fraction of the urine of normal men has been found to be 
less than 2 i.u. per liter (14). Corresponding values for normal children 
appear not to be kno^vn but may be presumed to be even lower. One can 
conclude therefore that the two diols were derived largelj’’ if not entirely 
from adrenal tissue. Previous studies of the ketones excreted by patients 
mth adrenocortical tumors have revealed a disproportionate increase in 
the output of dehydroisoandrosterone (15, 16). The isolation of con- 
siderable amounts of A®-androstenetriol-3(/3),16,17 (1), A®-androstenediol- 
303) ,17 (a), and A®-pregnenediol-3(^) ,20(a) can be interpreted as additional 
examples of a trend towards the production of A^-unsaturated /3-3-hydroxy- 
steroids (A^-stenols) in cases of this type. This phenomenon is in striking 
contrast to the absence of A^-stenols (other than cholesterol) from adrenal 
extracts. While the investigations on the steroid content of the adrenal 
have been carried out with cattle glands, the species difference presumably 
does not account for this dissimilarity in chemical composition. At least 
dehydroisoandrosterone has been found in the urine of bulls (17), cows 
(17), 2 and steers (18) just as it has been found in the urine of normal men 
(19) and women (20) and gonadectomized subjects of either sex (21, 
22). Two other explanations can be adduced: (1) Steroids secreted by 

* The presence of dehydroisoandrosterone in the urine of (pregnant) cows is indi- 
cated but not definitely established (17). 
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the adrenal are converted into A®-stenols at some other site. (2) A®^tenols 
are formed but not stored in the adrenal cortex and are either secreted 
or promptly converted into other compounds such as j^'S-hydroxysteroids 
of the alio type and A^-unsaturated 3-ketosteroids. It would appear 
that a disproportionate increase in A®-stenoIs in cases of adrenal neoplasm 
is explained more readily by’’ the second hypothesis. This metabolic 
disturbance can then be regarded as the effect of an overproduction of 
A®-stenols, which is not fully matched by their conversion into other com- 
pmmds. 

On this basis A^-pregnenol-3(j3)-one-20 is the most likely immediate 
precursor of pregnenediol to be suggested at this time. While pregneno- 
lone has not been found in adrenal extracts, two substances which could 
be regarded as its metabolites, progesterone and allopregnanol-3(d)' 
one-20, have been isolated from this source (23). The ability of the body 
to reduce 20-ketosteroids to 20(a)-hydroxysteroi(ls, which is postulated 
in the reduction of pregnenolone to pregnenediol, is exemplified by the 
metabolic conversion of progesterone to pregnanediol-3(Q!),20(a) (24}. 
A similar reaction may account for the presence of androstenediol in thh 
urine, since dehydroisoandrosterone is regarded as its likely precui^or. 
So far experimental evidence has been adduced in the Ci9 series only for 
the conversion of 17(a)-hydroxysteroids into 17-ketosteroids (12,2) 
but not for the revei*se reaction. On the other hand the adrenal cortex 
in contrast to the testis appears to be lacking in 17(a)-hydroxystjoi 
Adrenal extracts, however, have yielded 17-ketosteroids and 17(^)- y 
20-ketosteroids (26) which have frequently been suggested as their p« 
cursors. It seems likely therefore that the situation is similar ® 
prevailing in the estrogen series in which in the human a-estra lo 
estrone are mutually interconvertible (27, 28).® . r r 

It is now possible to supplement the report (1) on the iso ^ 
androstenetriol-3 (iff) ,16,17 with the results of a bioassay of 
This derivative was used in preference to the parent compoun ^ 

of its greater solubility in suitable solvents. The assay ° 

activity, which was carried out by Dr. R. I. no 

procedure of Frank, Klempner, Hollander, and Kriss (3 
growth of the chick comb at a dose level of 700 y of ^ jj^sterone 
3(iff),16,17 triacetate per animal. Simultaneous assay 
showed a significant response upon application of 10 y pei* 

3 Since dehydroisoandrosterone can be reduced to the diol 

by Bacillus puirificus (29), the possibility should be conlinge“^7» 

have been formed in the voided urine by bacterial under bigW/ 

ever, is regarded as very unlikely, since the urme wm coHe ^ ethef' 

able conditions (1) which permitted preservation of 99 per 
soluble fraction in conjugated form (1). 
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EXPERIMENTAL”* 

Fractionation of Extracts — The neutral ether-soluble fraction of 4.2 
liters of urine which had been freed of compounds insoluble in benzene 
(androstenetriol) served as starting material. This fraction (1) (which 
included the benzene extract of the mother liquors of androstenetriol) 
(11.75 gm.) was separated into ketonic and non-ketonic material by 
means of 16.4 gm. of betaine hydrazide according to Girard and Sandulesco 
(31).^ The residue from the ether phase (2.4 liters) weighed 2.84 gm. 
(non-ketonic fraction). The ketonic fraction yielded 6.1 gm. of neutral 
products besides 0.52 gm. of material soluble in sodium hydroxide and 
0.32 gm. of an alcohol-soluble precipitate that had formed at the water- 
ether interphase upon hydrolysis of the hydrazones. 

The non-ketonic fraction was dissolved in 95 cc. of 80 per cent alcohol 
and treated with a hot solution of 2.4 gm. of digitonin in 105 cc. of 80 per 
cent ethanol. An unusually voluminous precipitate formed. After 48 
hours it was separated by filtration and washed with 80 per cent alcohol 
and repeatedly mth ether. (Small aliquots of the filtrate yielded pre- 
cipitates upon the addition of cholesterol as well as of digitonin. This 
fraction therefore still contains small amounts of material forming moder- 
ately soluble digitonides.) The precipitate was freed of digitonin in the 
usual manner (32). The resulting product crystallized upon the addition 
of ethanol and was dried at room temperature (non-ketonic fraction pre- 
cipitable with digitonin, 599 mg.). It was dissolved in 20 cc. of pjo-idine 
and 10 cc. of acetic anhydride and kept at room temperature for 16 hours. 
The reaction mixture was taken to dryness under reduced pressure and 
dissolved in ether. The solution was washed with dilute hydrochloric 
acid, sodium carbonate solution, and water and yielded upon evaporation 
684 mg. of a yellow oil. This was dissolved in a mbcture of 8 cc. of petro- 
leum ether and 2 cc. of benzene and passed through a column (100 X 13 
mm.) of aliunina (according to Brockmann, manufactured by Merck 
and Company, Inc., Rahway, New Jersey). The adsorbed material was 
subjected to fractional elution as indicated in Table I. 

Purification of Fraction 1 — Fraction 1 was not readily purified by re- 
crystallization. It was therefore dissolved in 8 cc. of a mixture of petro- 
leum ether and benzene (2:5) and adsorbed on a column (11 X 77 mm.) 
of alumina. The chromatogram was developed with 10, 30, 30, 30, 30, and 
100 cc. of a mixture of petroleum ether and benzene (4:1), with 50,75, 
100, and 100 cc. of a 1 : 1 mixture of these solvents, with 30, 40, 100, 100, 

< All melting points reported are corrected. 

* The separation was carried out at a pH of 6.5, which requires the addition of 
larger amounts of alkali (sodium hydroxide) than the 0,9 neutralization suggested 
by Girard. 
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and 200 cc. of benzene, with benzene containing acetone (50 cc. (2 per cent 
acetone), 50 cc. (5 per cent), 100 cc. (10 per cent), and 100 cc. (20 pet 
cent)), and finally ^^dth 100 cc. of acetone. These solvents eluted 1.9, 
2.3, 1.3, 0.6, 0.3, 1.5, 4.7, 6.2, 1.2, 0.4, 1.5, 3.0, 10.2, 4.9, 4.2, 0.6, 1,5, 3.3, 
1.9, and 2.1 mg. of material respectively (Fractions 1-a to 1-t). 


Table I 


Chromaiogra'phic Analysiz of Acetylaied Non-Kelonic Material PredpUahh vcith 


Digitonin 


i 

Eluant 

jj^^l 

Vol- 

ume 

Composition 


cc 


mi. 

1 

25 

Petroleum ether + benzene, 4:1 

62.9 

2 

120 

** » ^ » 4-2 

172.4 

3 

100 

“ u ^ it 4-1 

30.5 

4 

150 

“ “ + “ 4:1 

18.7 

5 

175 

a ic 4, « 4-1 

13.4 

6 

125 

“ “ + “ 1:1 

37.1 

7 

125 

« II 4 . II 

22.4 

8 

1 150 

II II 4 . II l-l 

16.0 

9 

1 175 

II II 4 , It 

12.2 

10 

! 110 

II It 4 . II 

5.7 

11 

100 

Benzene 

27.1 

12 

125 

It 

15.2 

13 

150 

II 

13.7 

14 

150 

it 

15.1 

15 

100 

i ** 4- acetone, 4:1 

134.7 

16 

100 

1 “ 4- 4:1 

6,1 

17 

250 

1 “ 4- “ 4:1 

5.5 

18 

100 

Acetone 

7.1 

19 

185 

II 

3.4 

20 1 

175 

Methanol 

31.7 


CompouDds isolated 


A*-Pregnenediol-3(^), 20(a) 
diacetate 

A®-Pregnenediol-3(^) , 20(a) 
monoacetate 

A®-Pregnenediol'3(^),20(a) 

diacetate 


Partly cryatalline 
A*-Androstenediol-3 (P ) , 
17(a) diacetate 

it 

ft u 

Partly cryetalline 
Acetate of Compound A 
» « » ' 

Oil 

Compound Ba 
Acetate of Compound 0 

Oil 

it 

Partly crystalline 


Fractions 1-a, 1-b, and 1-c while crystalline yielded no ° 
product. Fractions 1-g, 1-h, and 1-i were «cre 

from methanol. 4.1 mg. of thin platelets melting at 
obtained. The mother liquors ^.9 mg. of cryrf 

143-145°. Admixture with A®-pregnenediol-3(^), 20(a) 
depress the melting point. froropfi‘role“"’ 

Fractions 1-m and 1-n were recrystalhzed from methanol, 
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ether, and from dilute methanol. 4.0 mg. of hexagonal plates were ob- 
tained which melted at 164'-168°. The melting point was depressed upon 
admixture with either allopregnanediol-SO?) ,20(a:) diacetate or A®-andro- 
stenediol-S 0) , 17 (a) diacetate. 

Anaiysis^Sairple dried at 80° in vacuo 

CiaSatOa. Calculated, C 76.62, H 10.07; found, C 76.24, H 10.10 

The mother liquors of these two fractions were combined ^\’itIl Fractions 
1-1 and 1-0 and yielded an additional 4.0 mg. of less pure material melting at 
156-166°, which was hydrolyzed in the manner described below. The 
reaction product which was recrystallized from acetone and extracted 
with a small volume of ether showed no depression of its melting point 
(182.5-185°) upon admixture wdth A®-pregnenediol-3(|3) ,20(a). The 
yield was 2.7 mg. 

Isolation of A^-Pregnenediol'Sifi) j£0{a) Diacetate — ^Fraction 2 was re- 
peatedly recrystallized from methanol. 109 mg. of hexagonal plates 
melting at 146-147° were obtained. An allotropic modification melting 
at 137° frequently formed in the melt on resolidification. Occasionally 
the diacetate crystallized from methanol in needles. 

Analysis — Sample dried at 80° in vacuo 

CzsHjsO^. Calculated, C 74.59, H 9-52; found, C 74.67, H 9.55 

Fractions 3 and 4 were purified in the same manner and yielded 12.5 mg. 
(m.p. 145-147°) and 9.9 mg. (m.p. 144-146°) respectively of the same 
compound. An additional 38.1 mg. of these crystals (m.p. 142-145.5°) 
Avere obtained from the combined mother liquors. The identity of these 
products Avas confirmed by mixed melting point determinations. Preg- 
nenediol diacetate has been reported to melt at 144-146° (4). 

Hydrolysis of A^-Pregnenediol-Sifi) i£0{ot) Diacetate — A solution of 18.1 
mg. of pregnenediol diacetate and 32 mg. of sodium hydroxide in 5 cc. 
of 80 per cent ethanol A\^as heated under a reflux for 1 hour, diluted AAith 
ether, Avashed Avith Avater, and taken to dryness. The residue was re- 
crystallized from ether and from acetone. The final product melted at 
184-185°. Pregnenediol crystallized from acetone in heavy platelets 
Avhich disintegrated in vacuo at room temperature, (Alcohol of crystal- 
lization Avas retained under these conditions.) The analytical sample 
Avas dried at 110° in vacuo. 

Analysis— Calculated, C 79.19, H 10.76; found, C 79.30, H 10.81 

Treatment of 35.8 mg. of the diacetate A\dth 20 mg. of sodium hydroxide in 
10 cc. of 95 per cent methanol at room temperature failed to effect com- 
plete hydrolysis within 19.5 hours. 
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s- w Tf to 'i“”" ” “■ 

«:S i t„fp “7'«' The seeeed » de 

nened^ll^t^°^ ^ <ou)arcfs Acid~2.S mg. ofpreg- 

acid in O'? ^ed in 2 cc. of a solution of concentrated hydrochloric 

Td dTst^h-fc 7 k? a reflux for 2 hours 

free nil dtt washed 

doL ?Ts?Ir «^r r recrystallized from ether. The melting 

^ ^ product (2.8 mg.) remained unchanged upon 

admucture with the starting material. 

pregnenediol in 90 per cent trichloroacetic acid which 
' 'ep a room temperature remained colorless for more than 1 hour 
(Kosenheim test). 


Hydrogenation of iA-Pregnenediol-3(fi) ,20ia) Diacelate—A solution of 
. mg, 0 pregnenediol diacetate in 13 cc. of 95 per cent ethanol \\as 
sUaJcen m an atmosphere of hydrogen (733 mm. of Hg, 26^) in the presence 
0 mg. of a palladium-calcium carbonate catalyst (1 per cent) (33). 

e reaction ceased after 12 minutes. The reduced product was re- 
crystaUized twice from methanol. Its melting point (168-169.5°) re- 
mame unchanged after admixture with allopregnaneciiol-3(^), 20(a) 
diacetate (m.p. 168.5-170°) which had been prepared from allopa'g' 
nanediol-3(a),20(a) by epimerization (5) and acetylation. 

he reduced product was hydrolyzed with alcoholic sodium hydroxide 
as described above and the resulting material recrystallized from acetone. 
10.0 mg. of heavy platelets were obtained which melted at 219-220° and 


at 218 220 upon admixture with an authentic specimen of allopreg* 
nanediol-303),20(a:) nielting at 217-220°. 


^na^y^w—Sample dried at 110° in vacuo 

CiiHsaOj. Calculated, C 78.69, H 11.32; found, C 78.36, H 11.20 


Oxidation of ^^-Pregnenediol-3{fi) ,20{a) — 20.4 mg. of pregnenediol 
dissolved in 3.2 cc. of glacial acetic acid. A solution of bromine in the 
same solvent (about 23 mg, per cc.) was added until a faint yellow tic 
persisted (0.48 cc.). The mixture was treated with 10.8 mg. of chroniiunJ 
trioxide (in 0.36 cc. of 90 per cent acetic acid) for 4.5 hours at room 
perature (31°). The excess of the oxidant was reduced with 0.2 cc. o 
alcohol. 120 mg. of zinc dust were added and the mlxtuie was to 
on a steam bath xvith stirring for 15 minutes. After being 
liquid phase was separated, diluted with ether, and jg'4 jjjg' 

cold sodium carbonate solution, and water. The ether i-esidue, 
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of ciystalline material, \Yas recrystallized from dilute alcohol and from 
petroleum ether. The final product melted at 129-130.5® and at 129.5- 
131® upon admixture with an authentic specimen of progesterone melting 
at 129.5-131®. Upon resolidification all three samples melted at 123°. 

Isolation of iii^-Androstenediol-SiP) ,17{a) Diacelate — ^Fraction 7 wa^ 
recrystallized repeatedly from methanol and from petroleum ether. The 
final product (10.8 mg.) melted at 158-160®. Admixture with a sample of 
A®-androstenedioh3(/9),17(a) diacetate (m.p. 161.5-163°) which had been 
prepared from dehydroisoandrosterone (8, 9) raised the melting point to 
159-161.5®. 

Anabjsis — Sample dried at 80° in vacuo 

Calculated, C 73.76, H 9.15; found, C 73.98, H 9.05 

Fractions 8 and 9 were recrystallized from methanol and yielded 15.5 mg. 
of the .same compound melting at 159-160.5®. The combined mother 
liquors of these three fractions furnished another 9.8 mg. (m.p. 154-159°). 
5.7 mg. of the diacetate (m.p. 156-158.5°) were obtained from Fraction 6 
after a lengthy .series of recrystallizations. The identity of all these 
preparations was shown by mixed melting point determinations. Andro- 
stenediol diacetatc has been reported to melt at 159.5®, uncorrected (9), 
and at 165-166®, corrected (8). 

Hydrolysis of A^-Androsienediol-3{ff) ^17{<x) Diacelate — 15.5 mg. of 
androstenediol diacetate were hydrolyzed with 5 cc. of boiling ethanol 
(80 per cent) containing 32 mg. of sodium hydroxide in the manner de- 
scribed above. The resulting product upon rccrystallization from ethyl 
acetate (8) melted at 178-182°. The melting point of a mixture \vith 
authentic A^-androstenedioI-3(|3),17(a) (m.p. 179-181°) was 179-182®. 
The analytical specimen was recrystallized from a mixture of methanol, 
benzene, and petroleum ether (1:3:10) and dried at 110® in vacuo. 

Analysis— C iAUqOi. Calculated, C 78.57, H 10.41; found, C 78.52, II 10.50 

Repeatedly, partial fusion followed by resolidification was observed around 
155® both with the isolated compound and the reference preparation. 
The melting point of androstenediol has been reported as 177-178®, un- 
corrected (9), and 182-183°, corrected (8). 

Oxidation of A^-Androslenediol-Sifi) ,17 (a) — 12.4 mg. of androstenediol 
were brominated, oxidized, and debrominated in the manner described 
for pregnenediol. The neutral reaction product was rcco^atallizcd from 
dilute acetone and from mixtures of acetone and petroleum ether. It 
melted at 171-173.5® and at 171.5-173.5° upon admixture with a specimen 
of A^-androstenedione-3,17 (m.p. 172.5-173.5°) which had been prepared 
from dehydroisoandrosterone (10). The three samples after rcsolidifica- 
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tion melted at 144.5'^, 144.5®, and 144® respectively. Two allotropic 
modifications of A^-androstenedione-3,17 melting at 173-174®, corrected 
(10), and at 142-144® (34) have been described previously. 

Isolation of Acetate of Compound A — Fraction 11 contained amorphous 
material that was separated from the crystalline product by virtue of its 
lesser solubility in hot methanol. After several recrystallizations from 
this solvent 9.1 mg, of fine needles were obtained which melted at 1775- 
179.5®. Fraction 12 yielded another crop of crystals (5.3 mg.) melting 
at 176.5-179,5®. A mucture of both preparations melted at 178-180®. 

Analysis — Sample dried at 80® in vacuo 

CsrH^oOtf. Calculated, C 70.40, H 8.75; found, C 70.66, H 8.96 

Hydrolysis of Acetate of Compound A — 10.2 mg. of Compound A tri- 
" ''tate, 32 mg. of sodium hydro.xide, and 5 cc. of 80 per cent ethanol were 
neated under a reflux for 1 hour. The solution Avas taken up in ether, 
washed with water, and taken to dryness. The residue (7.5 mg.) v:ss 
recrystailized from dilute and from absolute ethanol. Needle-shaped 
crystals were obtained which melted at 246-248® with decomposition. 


Analysis — Sample dried at 110® in vacuo 

CiiHuOi. Calculated, C 75.40, H 10.25; found, C 75.26, H 10.20 

Isolation of Cornpound Ba — ^Fraction 14 Avas recrystailized repeatedly 
from methanol and from dilute methanol. 1.5 mg. of very long 
plates Avere obtained, which showed a constant melting point at -d- 
234.5®. 

Isolation of Acetate of Co? 7 ipound C — Fraction 15 contained 
material which interfered with its purification by recrystallization. ^ 
fraction was dissolved in 5 cc. of benzene and passed through f ^ - 
(80 X 5 mm.) of aluminum oxide. The adsorbent AA^as washed ivit i i 
20, 40, 45, 100, and 100 cc. of the same solvent, Avhich eluted 65.4, • ' ' J 
6.4, 2.6, 2.8, and 0.7 mg. respectively (Fractions l5-a to 15-gh “ 

with 30 and 85 cc. of a 9: 1 mixture of benzene and acetone, Avit 
a 3:1 and Avith 100 cc. of a 1 :1 mixture of these solvents, and 
of acetone yielded 10.5, 3.7, 5.6, 3.9, and 1.4 mg. respectively 
15-h to 15-i). Most of these eluates failed to crystallize. 

Fraction 15-a, the largest crystalline fraction, av^ 4*2 

peatedly from methanol, from acetone, and from a mixture o 
mg. of very long tetragonal plates were isolated .^ipositioB 

Occasionally liigher melting points (210®) Avere u altho^g^ 

at these temperatures is indicated, since the resohdine 
colorless showed a progressive lowering of the melting po 
fusions. A mixture of this substance Avith Compoun 
18V212®. 
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Analysis — Sample dried at SO® in vacuo 

CjjHaiOi. Calculated. C 70,74, H 8.78 
CaiHasOs. “ 71.25, " 8.97 

CajH^Os. “ “ 71.74, 9.15 

Found. 71.17, 8.96 

4.5 mg. of less pure material (m.p. 200-204°) which had been obtained 
from the last five mother liquors were hydrolyzed with alcoholic sodium 
hydroxide as described above. The reaction product was recrystallized 
from absolute and dilute ethanol. 1.5 mg. of rectangular platelets were 
obtained, which upon fairly rapid heating melted at 220-223° with de- 
composition. 


SUMMARY 

The benzene-soluble portion of non-ketonic compounds from the urine of 
a boy with adrenocortical carcinoma has been fractionated with digitonin. 
The precipitable material after acetylation and chromatographic analysis 
has yielded six crystalline compounds; vzz., (1) A^-pregnenediol-3(/3) ,20(a) 
diacetate, (2) a substance (m.p. 164-108°) regarded as a monoacetate of 
A®-pregnenediol-3(iS) , 20(a), (3) A^-androstcnedioh303) , 17(a) diacetate, 
(4) the triacetate (m.p. 178-180°) of a triol C21H34O3 (Compound A, m.p, 
246-248°), (5) Compound Ba melting at 232.5-234.5°, and (6) an acetyl 
derivative (m.p. 204-207°) of Compound C (m.p. 220-223°). The parent 
substances of these acetates have not been encountered previously in 
human urine. 

It is suggested that pregnenediol and androstenediol are derived at 
least in part from substances formed in the adrenal tumor. The chemical 
nature of possible precursors of these diols is briefly discussed. 

The authors want to express their indebtedness to Dr. F. Harvie of 
the Department of Pediatrics, University of Pennsylvania, who made the 
urine collections possible; to Dr. E. Schwenk, the Schering Corporation, 
\vho supplied preparations of dehydroisoandrosterone and progesterone; 
to Dr. C. Bachman, Department of Obstetrics and Gynecology, Univer- 
sity of Pennsylvania, for a sample of aUopregnanediol-3(a) ,20 (a) originally 
received from Dr. 0. Kamm, Parke, Davis and Company; to Dr. R. I. 
Dorfman, Department of Medicine, Western Reserve University, who 
conducted the bioassay on androstenetriol triacetate; and to IMr. W. 
Saschek, Department of Biochemistry, Columbia University, for the 
microanalyses reported in this paper. 
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STUDIES ON HUIVIAN BLOOD PROTEINS* 

I, THE ISOLEUCINE DEFICIENCY OF HEMOGLOBIN 
By ANTHONY A. ALBANESEf 
With the Technical. Assistance of THEi/iiA M, Baknes 

{From the Department of Pediatrics, The Johns Hopkins University and the Harriet 
Lane Home of the Johns Hopkins Hospital, Baltimore) 

(Received for publication, October 18, 1944) 

The need and importance of securing adequate substitutes for human 
blood protein preparations now so extensively and successfully employed 
in the treatment of traumatic or hemorrhagic shock are obvious. Our 
approach to this problem is based on the assumption that the preparation 
of suitable substitutes might be facilitated by an accurate knowledge of the 
amino acid make-up of the blood proteins. The study of human hemo- 
globin was undertaken first because it can be isolated in a well defined 
crystalline form. Accordingly, crystalline hemoglobin was prepared from 
human red blood cells and analyzed chemically for tyrosine, cystine, ala- 
nine, and the ten amino acids currently considered necessary for physiological 
maintenance of the human adult (1). This study, the details of which will 
be reported later, revealed that the isoleucine N constitutes approximately 
0.5 per cent of the total human hemoglobin N. 

This interesting finding prompted us to check the chemical result by 
bioassay in the rat which has been shown by the use of amino acid mixtures 
to require dietary isoleucine for both growth (2) and maintenance of adult 
weight (3). The results of these experiments are reported here and confirm 
the deduction made from the analytical data, namely, that a diet in which 
htiman red blood cell histone comprised the protein moiety would fail to 
support growth in the immature rat and weight balance of the adult animal 
unless supplemented with isoleucine. Since supplementation of the defi- 
cient diet with d( — ) -isoleucine failed to support normal growth in the 
immature rat, it is apparent that only the I variety of this amino acid is 
available to the animal. 

EXPERIMENTAL 

Animals — These observations were made on rats from a hybrid colony 
of albino and hooded Norwegian rats that have been in use in this labora- 

* The work described in this report was supported in part by granta from the 
Rockefeller Foundation and the Nutrition Foundation, Inc. Partial support was 
also derived from a contract recommended by the Committee on Medical Research, 
between the Office of Scientific Research and Development and The Johns Hopkins 
University, 

t Presented at the lOSth meeting of the American Chemical Society, New York, 
September 11, 1944. 
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giaWSiSn of wtiuid “xhT/s"*'' “ “ "'’“■ “ 

Dunng the experiments, they were kept in h groups, 

designed m such a way as to prevent 

ments were made weekly. op^phagy;. The weight measure- 

^^^pciTahoTi of Diets- Tho 

The protein moiety of the diet ° 

remforced acid hydrolysate of crvstamn°^h^ ^ ^Wtophane and cystine 

described below. In order to ma^m« hemoglobin prepared as 

to maintain the protein level of the diets eon- 

Table I 

— -— _ Composition of Diels 


Human hemoglobin 

Brewers' yeast 

Sucrose... 

Starch. . . 

Agar . 

Crisco, . 

Cod liver oil substitute* 
fc>alt mixture!.. 
^(-)*Tryptophane 
^(~)~Cystine 
^^MsoJeucine... 
^(■“)~IsoIeucine 


— ^ j -IW.V I lUO.U j JW*V 

NaCI 18.9 CaHPO ^ the following composition (measured ia gni.) 

2.88, FeHI eitrale U S t o -Mrous, 6.86, ICHCO, Kf 

KI 0.015, NaF 0.03. ‘ ’ <^uS04, anhydrous, 0.24, MnSO^, anhydrous, 0.15, 

Dronorfinnofft^f^^+'K^ in the amount of hydrolysate added to the did 
unpprtflint* ^ ^^ount of amino acid supplementation. 
inQfpnrl the B comple.x vitamins, brewers' yeast \vas 

‘M . ^ ^ synthetically available components of 

amm group. The amount of Lsoleucine introduced into the diet in 
manner is apparently negligible with respect to the needs of the rat. Ex- 
cept when indicated all of the animals were fed ad libiium and the amount 
or food consumed daily recorded. 

Preparation of Human Hemoglobin Hydrolysates— Enman hemoglobio 
as prepared from human red blood cells by the method of Zinolfsky (v* 
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10 liters of red blood cells, processed 1 liter at a time, yielded 700 gm, of 
crystalline hemoglobin which contained 13.96 per cent nitrogen, uncor- 
rected for moisture and ash. 

500 gm. of the hemoglobin were hydrolyzed under a leflux for 24 hours 
with 2 liters of 20 per cent sulfuiic acid. After cooling, the hydrolysate 
was alkalinized by the slow addition of a solution containing 310 gm. of 
calcium oxide (technical) in 2 liters of water. The mixture was stirred 
well and resulted in the evolution of ammonia. After standing overnight 
it was filtered and the calcium sulfate cake washed by resuspension in 2 
liters of warm water. The major portion of the pigments remained ad- 
sorbed on the calcium sulfate. The combined filtrate and washings were 
concentrated in vacuo at 50-60° to appioximately 1 liter. The ammonia- 
free concentrate was now made neutral to litmus with 50 per cent sulfuric 
acid, cooled under the tap, and the resulting calcium sulfate filtered off. 
The protein equivalent (N X 7.2) of the resulting filtrate was estimated 
from a micro-Kjeldahl analysis (5) of a suitable aliquot. For use in the 
diet, this product ^vas further concentrated in vacuo to appioximately 400 
cc. and supplemented with 1.5 per cent /( — )-tryptophane and 1.0 per cent 
/(“')-cystine of the protein equivalent. 

The Z(^)-tiyptophane, )-cystine, and dZ-isoleucine used for supple- 
mentation of the diets were obtained from Merck and Company, Inc., and 
their purity checked in this laboratory. The d(“ )-isoleucine used in these 
experiments was kindly prepared for us by Hoffmann-La Roche, Inc., by 
enzymic resolution of the racemate. This product was characterized by 
the mtrogen content and the optical activity of a 3.1 per cent aqueous 
solution. 


C6H:i 02N. Calculated, N 10 68, found N 10 65 
Loequin (6), [qcId = —10 55®; found [a]” = ^12 25° 

Results — In the preliminary experiment, eight immature rats were 
placed on Diet A. The weight losses caused by Diet A (Fig. 1) revealed its 
nutritional inadequacy. The animals were then separated into four 
groups and each group was fed one of four test diets prepared by supple- 
menting Diet A singly with the racemic forms of isoleucine, leucine, valine, 
and threonine. The results of this experiment made it evident that supple- 
mentation with isoleucine alone permitted resumption of growth in the 
animals. This initial observation was checked by the fact that the animals 
fed the threonine-, valine-, or leucine-supplemented diets also gained 
weight when given the isoleucine-supplemented diet, and further confirmed 
by the data on five additional animals which are not included in Figs. 1 
to 4. These experiments demonstrated conclusively that Diet A, and hence 
human red blood cell globin, Ls deficient in isoleucine. Feeding of the 
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deScient diet to rats of dilTereot ages deoro^trated that isotaei,. i. «. 

^nimnie K • ^fP''esentative growth curves of another group of 

isoloiii'in^'' indicate that a 50 per cent leduction in llie 

value of thT d?e?(Mg’ 3)‘^^ ^ Proportionate loas of nutritional 

In order to test the availability of d(-)-isoleucine some of the anima 
on JJret A or B were changed to Diet D. The growth cuiwes of the 



Fig. 1. The effect of amino acid supplements on the nutritive value of hydrolyi 
human hemoglobin. All the animals were initially fed Diet A, which was supp j 
mented singly with 1.4 per cent of the racemates o', isoleucine (/), threonine ( » 
valine (F), and leucine (L) at the points indicated ry the arrows. A^terl week, 
animals were all fed Diet B, to the end of the experiment. The figures in parenjw^^ 
denote the weight of the animal in gm., those in brackets the average daily foo 
sumption for each feeding period. 


animals (Fig. 4) show that a slight growth stimulation is obtained fro® 
Diet D. This might be due to an actual slight utilization of the d 
the vat or the presence of traces of the I form in the resolved pmduch ^ 
hitter probability is made more plausible by the observation that anmi 
on Diet B lost weight when placed on Diet D. 


Comment 

E.xperimcnts on the nutritional adequacy of human ^lij; 

reported in ab.stract by Stare and associates (7) during the conn’ j 
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HHB7 d'{58) 
HH&6<f (611 
HHBOd(59) 
HHB-IS 7(106) 
HHBS4 9C194) 

HHB-iScfCSia) 

HHB*iacr(33a) 

HHB-I7(J(350) 


Fig. 2. The effect of the isoleucine-deficient diet on rats of various ages. All 
animals were fed Diet A throughout. The figures in parentheses denote animal 
weight, those in brackets the average daily food intake. 


HHB-209(a3) 

HHa-2ld(90) 

HHB-aStfOBl 

HHB*229(66) 


Fig. 3. Growth effect of one-half reduction of the isoleucine supplement. Ani- 
mals were fed Diet B or C as indicated. The figures in parentheses denote weight of 
animals, those in brackets the average daily food intake. 
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amounts ,nf,^^^oglobin. Tt .Tif 
Plasma Drn^»- ^ ^®°^eucine arp . - appear 



^Hfl- 249 ( 5 jj 

^^ 3 - 28 ^ ( 66 ), 

WWa-27j(76j 

HH 8 - 28 ^( 66 ) 

^HB-25^ (ggj 


4 The 1 I 7 

Diet A or of d(I^, ^ ' i— J 

intake. animal weight in gn,, ® arm,,-. Tie fipaein 

^ the average daiJy/ixJ 

yuite apart from thp • 

ieucine.” AJtiioS^^““'^ *° fhe study, these Rndingf if- 

be desired thoT^^ on tU n avaifabdity of 

isoleucine is not "fm ^ appear to confim? th “s might 

«ot uttbsed for gronS^^f 
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THE ACTION OF TRYPSIN ON NATIVE AND DENATURED 

PROTEINS 


Br FELIX HAUROWITZ, AltlRVET TUNCA, PAULA SCHWERIX, 

AND VEDIA GOKSU 

{From the Department of Biological Chemistry ^ University of Istanbul^ Istanbulf Turkey) 
(Received for publication, October 27, 1944) 

It has been demonstrated by several authors that ovalbumin (1), pseudo- 
globulin (2), serum albumin (2, 3), lactoglobulin (4), and other proteins are 
attacked by trypsin less readily in their native slate than when they are de- 
natured. Experiments carried out in our own laboratory revealed, how- 
ever, that the tryptic hydrolysis of fibrinogen and of myosin proceeds at 
the same rate before and after their denaluration (5). In these as well as in 
most of the previously mentioned experiments, commercial trypsin or in- 
sufficiently purified preparations of the enzyme have been used. On account 
of the low efficiency of such preparations rather large quantities of enzyme 
were required; their amount varied from 5 per cent (4) to 80 per cent (2) 
of the proteins examined. The commercial trypsin (Merck) used in our 
previous experiments (5) contained approximately 0.06 trypsin unit (6) 
(T. per gm. of nitrogen. The possibility could not be excluded 

that the opposite results, obtained with fibrinogen and myosin on the one 
hand and with albumins and globulins on the other hand, might be due to 
the effect of inhibitors or other impurities present in the trypsin prepara- 
tions. We .have repeated therefore our experiments with trypsin, prepared 
according to Northrop (7). Owing to the gi*eater efficiency of the purified 
enzyme, we were able to reduce the amount of the enzyme to 0.5 to 2.0 
per cent of the proteins examined; at the same time the duration of our 
previous experiments was reduced substantially, e.g, from 24 hours to 30 
minutes. The possibility that labile proteins ar^ denatured by the buffer 
solution or by toluene at 38° is reduced in such short experiments. 

EXPERIMENTAL 

Preparation of Subslraies — Crystalline ovalbumin was prepared from 
hen's eggs (8), pseudoglobulin and euglobulin from sheep serum (9)^ 
collagen from ox bones (10), myosin from fresh rabbit muscle (11); fibrino- 
gen was precipitated from blood plasma of the ox by NaCl (12). The 
precipitate was dissolved in water and reprecipitated by mixing with 2 
volumes of a saturated solution of NaCl, containing 0.3 per cent of potas- 
sium oxalate. Ovalbumin and pseudoglobulin were purified by dialysis 
against distilled water. 
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Preparation of Tn/psin,— Trypsinogen was extracted from fresh oi 
pancreas wth sulfuric acid according to the method of Kunitz and North- 
rop (7). Ch^otrypsinogen was removed by the addition of aimnoniun 
sulfate; tr;^sinogen, precipitated by further addition of ammonium sulfale, 
was reprecipitated, washed with a saturated solution of magnesium sulfate 
in 0.02 N sulfuric acid (7), and dissolved in a small quantity of water. This 
solution was activated by the addition of borate buffer solution and by 
keeping in the ice box at pH 8 for several days (7). The Trypsin I solution 
used in E.xperiments 1 to 6 (Table I) contained 5.9 mg. of protein N perml. 
with an activity of 0.17 [T. (6); Trypsin II used in Experiments 

7 to 12 contained 1.8 mg. of protein N and 0.08 [T. perml. 

respectively. 

Determination of Rate of Hydrolysis — 5 ml. of a solution containing 25 
per cent of the native protein and 1 per cent of NaCi were put in each of 
eight small flasks. Since euglobulin and collagen do not dissolve in saline 
solution, 2.5 per cent suspensions of these proteins were used. 2 ml. ofj 
0.2 M solution of phosphate buffer, pH 8.0, and 1.0 ml. of water were acWctl 
to each flask. Four of these flasks were weighed and then kept in a boiling 
water bath for 30 minutes. The coagulated protein was finely ground 
water was added to its suspension in order to replace the water lost by 
evaporation. All flasks were then warmed to 38°; 1 drop of toluene 
0.05 ml, of the solution containing TrypsinI were added in E.xpenmeiitsl 
to 6; 0.17 ml. of Trypsin II was added in Experiments 9 toll; and 0.05 
ml. in Experiments 7, 8, and 12. At the times i (recorded in Table I) 2 
ml. of a neutralized 30 per cent solution of formaldehyde and 0.1 ml. of! 
per cent phenolphthalein were added to each of the protein samples and 
the rate of hydrol 3 ^sis was determined by titration with 0.1 N 
The results obtained from formol titrations are shown in Table 1. 

Results 

The experiments recorded in Table I reveal the different behavior of 
globular proteins (ovalbumin, serum globulin) on the one hand and nbmns 
proteins (fibrinogen, myosin) on the other. Fibrous proteins f 
drolyzed by trypsin at the same velocity before and after denaturatmn ^ 
the protein, while globular proteins were attacked by trypsin 
rapidly after denaturation, although only the surface of the 
particles could be accessible to the enzyme. No hydrolysis or a 
took place in the experiments with native globular proteins in ^ 
the firat 30 minutes. But even after 4 or 24 hours the degree of ) 
of native globular protein remained far below that of denat^ aftribute 
Collagen, although a fibrous protein, is resistant to trypsin. ^ 
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this to the insolubility of collagen in water and to the fact that coarse 
particles of the protein were used in our experiments. Heating in the 
water bath brought about a swelling of these particles and partial dissolu- 
tion, t.e. formation of gelatin. 


Table I 

Hydrolysis of Native and of Denatured Proteins by Trypsin at pH 8 


The third column of the table indicates the quantity of 0.1 n NaOH, required 
for formol titration at the beginning of the experiment; the figures in the last 
three columns indicate the excess of 0.1 n NaOH required. 


i 

Experiment 

Protein 

Quantity o! 
0.1 N NaOH; 

Excess 0.\ K NaOH 



t =* 0 

1 =■ 30 min. 



1 ! 

Ovalbumin, native 

ml. 

1.31 

0.17 

ml. 

0.22 

ml. 

0.32 


** denatured 

1.11 

0.25 

0.48 

1.00 

2 

Pseudoglobulin, native 


0.04 

0.11 

0.28 


“ denatured 1 


1.07 

1.16 

2,04 

3 

Collagen, native 

0.73 

0.07 

0.19 

0,50 


denatured 

0.80 

0.18 

0.68 1 

3.16 

4 

Fibrinogen, native 

1.26 

0.81 1 

1.39 i 

2.13 


** denatured 

0.87 

0.78 

1.67 

2.42 

5 

Myosin, native 

1.94 

1.28 

1.72 

2.74 


“ denatured 

1.58 

0.80 

1.78 

2.79 

6 

Casein (Merck) 

1.03 

1.83 

2.19 

3.10 

7 

Pseudoglobulin, native 

1.50 

i 0.10 

0.15 

0.30 


“ denatured 

1.25 

0.40 

1.05 

1.55 

S 

Euglobulin, native 

1.32 

0.10 

0.28 

0.93 


“ denatured 

1.19 

0.25 

0.96 

1.59 

9 

Ovalbumin, native 

2.17 

0.0 

0.10 

0.30 


** denatured 

2.17 

0.23 

0.63 

1.15 


Collagen, native 

1.60 

0.10 

0.18 

0,29 


“ denatured 

1.73 

0.29 

0.79 

1.02 

11 

Fibrinogen, native 

1.96 

0.46 

0.84 

1.18 


“ denatured 

2.05 

0.50 

0.95 

1.31 

12 

Myosin, native 

3.56 

0.10 

0.54 

1.76 


denatured 

3.52 

0.09 

0.66 

1,63 


DISCUSSION 

The resistance of native proteins to trypsin had been ascribed originally 
to the presence of an antitryptic factor in the blood serum (13) or in raw 
egg white (14). It is, however, extremely improbable that such a factor 
would be present in all fractions of the blood serum {Le. serum albumin, 
pseudoglobulin, and euglobulin) at the same time (5). 

Linderstrom-Lang (15) and Lundgren (16) attribute the resistance of 
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native globular proteins to the fact that the atomic groups serving as pobts 
of attack for the enzyme are inside the globular molecule and inaccesjiKe 
to the proteinase. Denaturation, which apparently involves an unfolding 
of the closely packed peptide chains (17, 18), renders these groups accessible 
to the enzyme. The view of Linderatrom-Lang (15) is corroborated by our 
own experiments, for no steric hindrance can be expected in fibrous proteins 
such as fibrinogen or myosin, whose peptide chains are either expanded or 
only slightly folded. 

These results are probably of some importance for the nutrition of man. 
It is well known that the proteins of foocktuffs are attacked at first by pep- 
sin at pH 1 to 2; the old experience that native and denatured proteins are 
hydrolyzed by pepsin at the same rate was confirmed b}'' experiments 
carried out in our laboratory. But in patients suffering from gastric 
achylia, when no digestion occurs in the stomach, the raw proteins of tie 
food enter the intestines and undergo there the action of trypsin. Accoid- 
ing to our experiments one would expect that raw glohular proteins resst 
the action of trypsin, while fibrous proteins ought to be rapidly hydrolyiei 
Actually Talarico (19) showed some time ago that raw eggs are resistmit 
to trypsin, while boiled eggs are rapidly hydrolyzed; raw meat, hott'e\ef, 
is digested just as rapidly as boiled meat. Results of similar experiments 
carried out in our laboratory agree mth those of Talarico (19), on so 
details of these experiments may be omitted. We attribute the digestion 
of raw meat by trypsin to its high content of fibrous proteins. 

Text-books of biochemistry (20) or of therapeutics (21) use^ lo recoffi 
mend raw protein food, e.p. raw meat, which is more easily digeste 
boiled food. This is contradictory to the results of 
According to these experiments boiling may raise the digestibi ty o 
protein food, but it never reduces it. 


smaiABY 

1. While globular proteins such as ovalbumin or serum 
hydrolyzed by trypsin very slowly in their native state, 
such as fibrinogen or myosin are hydrolyzed by trypsin at e s 
before and after denaturation. The susceptibility of native ro 
to the attack of trypsin is attributed to the expanded 

peptide chains, which renders their peptide bonds ^ 

2. The digestibility of raw protein food (meat, eggs, im ' 
uot superior to that of boiled food. 
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ON THE SIL^OSR COMPOUND OF CASEIN IN ALKALINE 

MEDIUM 

Br FRITZ LIEBEN 

(From the Department of Chemistry ^ The Johns Hopkins University ^ Baltimore) 
(Received for publication, November 8, 1944) 

This paper continues a series of publications which, starting in 1936 from 
a study of the biuret reaction, were carried out in collaboration udth 
Jesserer (1). 

As the existence of definite compounds of casein and other proteins and 
some peptones in an alkaline medium had been sho^vn for copper and gold 
as well as for nickel and cobalt, it was logical, on account of the position of 
silver in the periodic system of elements, to anticipate that silver com- 
pounds might be formed under similar conditions. The investigation 
showed, however, that in the case of silver several complicating factors 
have to be considered, which play no r61e mth the other metals mentioned. 

From the extensive literature on silver-protein compounds we may select 
the important work of Pauli and Matula (2), Kruyt and Boelman (3), and 
Carroll and Hubbard (4); most of the experiments were carried out ^vith 
serum albumin and gelatin, a few also with casein, mth addition of silver 
nitrate or silver oxide. Increasing amounts of silver are bound mth in- 
creasing concentrations of the salt or oxide, with a tendency to reach a 
maximiun value. The effect of increasing the pH in gelatin experiments 
(4) appears to be an increase of the combining capacity of Ag ions per unit 
weight of gelatin; there is a minimum, not zero, value at the isoelectric 
point. The present paper deals exclusively with the experimental condi- 
tions described in the former papers listed (1) and wth the properties of 
the silver compounds as compared 'with those of copper, nickel, and cobalt. 

The substrate psed w^as casein (Hammarsten, Merck), and in later 
experiments casein highest purity (City Chemical Corporation, New York). 
When these products are dissolved in 3 per cent NaOH and the metal salt is 
added, then, in the case of copper, etc., the metal hydroxides precipitated 
can be separated quantitatively by filtration from the solution of the metal- 
protein compound. In the case of silver, on the other hand, this separation 
proves inadequate because part of the silver oxide formed is protected by 
the protein from precipitation by the alkali. Repeated filtrations on hard- 
ened filter paper (Schleicher and Schiill), as well as repeated centrifuging 
followed by filtration, proved insufficient to avoid the presence of some 
AgaO. 

3 gm. of casein are dissolved in 30 cc. of 30 per cent NaOH, 3 gm. of 
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^ adjusted to300ce.(; 

SSted at?h. ^ f eventuaUy is shake 

2 horns) and filtered on hardened paper through Silex (Baker Chemic. 
Ihe filtrate is deep bro^ra. In experiments mth copper there is pre 
in the protem filtrate an average of 58 mg. of Cu for 0.5 gni. of casein, 
50 cc. of solution. The corresponding figure for silver should be 98.5 r 
silver occupies the same places as copper, proba 
attached to the nitrogen atoms of the peptide bonds. The figure found n 
sdver, however, is always somewhat higher (110 to 150 mg. for 0.5 £ 
of casern). 

It has been shoira in previous papers that, on acidification of the alkali 
solution, the copper and the nickel compounds are immediately decoj 
posed and the metal is found quantitatively as ion in the filtrate from t 


Table I 

Silver per 0,5 Gm, of Casein 


Experiment A 

Experiment B 

ms. 

m(. 

120.1 

99.4 

149.0 

102.1 

112,3 

100.2 


Experiment A, direct determination (Volhard) in 50 cc. after ceatrifugio^/ 
ing on Silex, and ashing with H2SO4-HNO, (Neumann) mixture; Experiment B, after 
acidification of solution in Experiment A with diluted HjS04, filtering from tfcepr^ 
tein precipitated, and ashing. 

precipitated protein (casein) ; when the alkaline reaction is reestablish! 
(before filtration), the metals mentioned again recombine in tbeir predi?-' 
positions in the peptide chains. The cobalt as well as the gold 
are more resistant to acid. In the case of silver, acidification detachei^ 
metal from the protein, just as ^vith copper, but the silver oxide in col 0 . * 
solution is now precipitated along ivith the casein. Thus, a 
separation of the silver oxide and the silver bound in the alkaline 
to the protem is accomplished (Table I). If (before filtration) the so ^ 
is again made alkaline, the silver, like copper, returns to its former 
The figures in Experiment B, Table I, are in good agreement mth 
erage (98.5 mg. for 0.5 gm. of casein) to be expected for silver. ^ 
another complicating factor comes into play. 

The silver compound of casein in alkaline solution is more 
e,g,y the copper compoimd in respect to aging of the 

increaseintemperaUire, It must be assumed that the silver c 
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slowly while standing and faster at a higher temperature, forms the oxide 
in the alkaline medium and is thus, on acidification, precipitated with the 
casein in increasing quantities; the quantity of silver found in the filtrate 
will therefore diminish (Table II). With analogous copper and nickel 
compounds these aging and temperature effects do not appear. With 
silver too, a short heating (e.f/., J hour at 70°) causes no splitting off of the 
metal. 

Wlien silver does not form compounds with the colloidal matter in alka- 
line solution, as c.g. with starch or agar-agar (1 per cent solution in 3 per 
cent NaOH, 1 gm. of AgNO^ to 1 gm. of starch or agar-agar), the sample 
standing for a day in the ice box yielded, after centrifuging and decanting, 
for 50 cc. 28.1 mg. of Ag, the analogous figure at room temperature being 
54.1 mg, of Ag; thus we see that, with the effect of temperature on Ag20 


Table II 

Stiver (Volhard) per 0.6 Gm. of Casein Found in Protein Filtrate after Acidification 



Sample 1 

Sample 2 


mg. 

mg. 

s 20® 

100.2 

100.2 

20® 

82.5 


20® 

70.9 

82.9 

20® 


69.1 

20® 

' 95.6 

34.6 

(about 




74.5 

1 

(about 

43.5 1 



“ 2 days 

it ^ (f 

5 » 

I* ** 

“ 1 day 

30®) 

Sample stood 3 days after preparation in ice box 

“ 3 “ “ “ at room ter 

30®) 


alone, the formation of larger particles of AgjO is favored by lower tempera- 
ture and accordingly less silver will be found in the filtrate. 

Shaking, for 24 hours, will give with the silver rprotein solution different 
figures, according to the prevalence of one of two opposite effects: the 
temperature effect (see above), which has the tendency to lower the amount 
of silver in the acidified protein filtrate, and the effect of mere shaking, 
which diminishes (as special tests showed) the protective ability of the 
protein to hold Ag^O in solution. This tendency will increase the amount 
of silver found in the filtrate. The concurrence of these tendencies will, of 
course, give rise to variable experimental results. 

It was furthermore found that, in the case of cobalt compounds, shaking 
the samples (c.g., 1 gm. of casein, 1 gm. of C0SO4 in 100 cc. of 3 per cent 
NaOH) through 24 hours will greatly increase the quantity of cobalt taken 
up by the protein. Instead of the average value of about 18 mg. per 0.5 
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gm. of casein, pieviously found, corresponding to a third of the quantity 
of or 3 times the ^^space’^ taken by silver or copper, twice this quantity 
or more may combine with the protein. 

It could be assumed that the cause of the lack of stability of the Ag- 
protein compounds was a specific disintegrating effect of silver ou the pro- 
tein, which would slowly lower its ability to combine, an action not shared 
by copper, etc. If this \Yere true, the nitrogen in the casein filtrates ought 
to increase at a faster rate in the silver as compaied with the copper sam- 
ples. This, however, was not the case (Table III). There is, approxi- 
mately, the same rate of disintegration in the silver as in the copper samples. 

Rcjplacemeni of Ag hy Cn, Ni, or Co and of Cn, Ni, or Co hij J^—The 
protein solutions, after addition of the first metal salt, stand for 24 hours 
(eventually with shaking in the case of Cu or Ni) ; they are filtered on Sile\ 
and, in the case of Ag or Co, centrifuged for 1 to 2 hours. To the filtered and, 
''ventually, centiifuged solutions, the second metal salt is added (I gni. o! 


TABtD III 

Mg. of Nitrogen {Kjeldahl) in Protein Filtrate per Q.5 Gm. of Casein 



Copper 

s 

Sample I 

Sample 2 

Sample 1 

Immediately after filtration i 

30.6 

37.0 

31.1 

After 4 days i 

45.4 


38.2 

** 5 . . j 

46.2 



“ 7 ** . . . j 

47.5 

60.7 

47.0 



C0.4 


salt per 100 cc.) and, after 24 hours, the solution is filtered and 
centrifuged once more. The solution is then acidihed with dilute IhS 1 
filtered from the protein precipitate. In the final filtrate a definite 
(generally 50 cc.) is ashed with H2SO4-HNO3 (Meumann) mixture, t 
precipitated and Aveighed as AgCl; the copper is precipitated as 
weighed as CuO; the nickel is precipitated and weighed ^ dimet 
ime compound (5); the cobalt is determined by iodine-thiosulfa e i 
(6). All the figures given are referred to 0.5 gm. of casein. 

AVhen Ag is first present, it a\ ill be displaced to a large extcn 


(added as CiiS04*5H20); e.g.^ 

(a) Ag in acid filtrate at start, 90.4 mg,; after addition of CuSOo5fhO, 
start, Ag 2.8 mg , Cu 48.0 mg. . , cn., 4 

(bl Ag in acid filtrate at start, 108.8 mg.; after addition of Cuc>U4 

start, Ag 9 0 mg. , Cu 53 5 mg, ^ 

The total of metal taken up, calculated as silver, in 

is 84.3 and 100.0 mg. of “Ag” respectively. The averag = 
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sums were rather lower than 98 mg. of Ag (the figure for Ag alone) on ac- 
count of the depressing effect of aging of the solutions on the silver value 
(see above). If Ni (as NiS 04 ) is added as the second metal, it enters the 
peptide chains only to a limited amount and little silver is displaced; e.g., 
Ag in the acid filtrate (a) at start, 94.0 mg.; after addition of N^ 04 , 4 days 
after start, Ag 77.9 mg., Ni 1.6 mg.; {h) at start, 108.8 mg.; after addition 
of NiSO^, 4 days after start, Ag 81.0 mg., Ni 8.2 mg. The sums are 83.3 
and 111.6 mg. of "‘silver” respectively. They are calculated on the assump- 
tion that 1 atom of Ni mil displace 2 atoms of silver, just as is the case mth 
copper (see former paper (1)). The second example given has an excep- 
tionally high total sum, the average being around 86 mg. Cobalt, added as 
the second metal as CoS 04 * 7 H 20 , will displace varying amounts of silver; 
the total of metal taken up is calculated on the assumption that 1 atom of 
Co will displace 3 atoms of silver (just as with copper (1)); e.g., 

(а) Ag in acid filtrate at start, 92,9 mg.; after addition of CoSO^'TH^O, 4 days after 

start, Ag 56.2 mg., Co 2.7 mg. 

(б) Ag in acid filtrate at start, 93.7 mg.; after addition of CoS04*7H20, 4 days after 

start, Ag 15.8 mg., Co 13.2 mg. 

The totals are 71.0 mg. and 86.9 mg. of ‘"silver” respectively. Most of the 
values thus found for the sums were low, not only on account of the aging 
effect for silver, but also because the solutions were generally centrifuged 
a second time, with hoik metals present. This second centrifuging was 
omitted in the second example cited. 

When silver (as AgNOs) is added to the copper, as well as to the nickel- 
and cobalt-casein compound solutions, in all three cases the metal first 
present will be displaced by silver only to a small extent. As an average 
of the experiments 54.0 mg. of Cu and 7.8 mg. of Ag were found in the final 
solutions, the average sum, calculated as silver, being 100.0 mg. As silver 
is here added last, there is no effect of aging to be expected. The average 
figure for Cu alone w^as 58.0 mg. 

When copper was added to nickel- or cobalt-protein solutions, there was 
no displacement of the metals first present, but the copper occupied the 
places in the peptide chains not occupied by nickel or cobalt; that is, 6ne- 
half and two-thirds respectively.' With silver added, there was generally 
a displacement to a small degree and moreover the filling out of the empty 
places, as with Cu; e.g. 23.1 mg. of Ni and 63.8 mg. of Ag w^ere found in a 
final solution, wlule the average figure for Ni alone was 26 mg. Thus 3 
mg. of Ni had been replaced by 11.2 mg. of Ag and 52.6 mg. of Ag were 
occupying the ""free places”; the calculated amount for this last figure 
would be 98/2 = 49 mg. Cobalt, in most of the samples, showed hardly any 
diminution of the value of 18 mg. found in former experiments with Co 

I Cf. (1) Biochem. Z., 287, 86. 
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around 7^0 m ‘^f 'i?- average value, actually reached, vtaj 

Srir u Co experimeau, 

however, tbe figi^es showed large fluctuations on account of the disturbing 

factors mentioned mten^ening in the case of silver and, perhaps, additional 
actors, due to the presence of the other metal. Thus, the analogous be- 
ef ver to copper in these last two types of avperiments may be 

stated only with a certain reserve. 


smeuAHY 

1. exists a silver compound of casein analogous to the preWously 
esen e metallic compounds of protein in alkaline medium, especially 

^ copper compound; this Ag compound is disintegrated by add. 

i he ^ver oxide, formed simultaneously in the alkaline medium and held m 
CO solution by the protein, is, on addition of acid, precipitated alocg 
^^th the protein. The amount of silver ions then found in the protein 
trate is close to the figure of 9S mg, per 0.5 gm, of casein which correspond' 
to 58 mg. of copper in previous experiments. 

2. The silver compound, however, is less stable than the compounds of 
copper, nickel, and cobalt; it is disintegrated under the influence of aging 
of the solution due to standing and by increase of temperature. 

3. The silver may be displaced from its positions in the peptide chains 
by copper, and, to a lesser degree, by Ni and Co. Cu, Xi, and Co are only 
to a small extent displaced by added silver salt, although in the latter 
silver enters the casein in order to occupy the “free places,” as does Cu. 

The earlier experiments described in this paper were carried out in tbe 
Institut-e for Medical Chemistry at the University of Menna, with the 
collaboration of R. Kretschmayer and V. Friedl ; while continuing this work' 
at The Johns Hopkins University, I had temporarily the assistance of 
Virginia White, and, later, of Air. Albert Reisfeld, to both of whom I 
to extend my thanks. 
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THE PHOSPHOLIPiVSE OF THE VENOM OF THE COTTONMOUTH 
MOCCASIN (AGKISTRODON PISCIVORUS L)* 

By DONALD FAlRBAIRNf 

(From the Department of Biochemistry and Pharmacology ^ School of Medicine and 
Dcniislry^ The University of Rochester ^ Rochester j New York) 

(Received for publication, October 27, 1944) 

Snake venoms contain an enzyme ^vhich partially hydrolyzes phos- 
pholipids, liberating fatty acids and monoglyceride derivatives known as 
lysophospholipids (lysolecithins and lysocephalins). This enzyme has 
been named lecithinase A (1), or simply lecithinase, but in view of its reac- 
tmty towards both lecithins and cephalins (2) phospholipase is preferred 
as a more general term (3). The enzyme has been crj^stallized by Slotta. 
and Fraenkel-Conrat (4) from the venom of Croialus ierrificus, and has been 
prepared in impure form from pancreas (3, 5). It is probably present in 
many other tissues as well (6). In the reaction between phospholipase and 
phospholipids, only one of the two fatty acids of each substrate molecule 
is hydrolyzed, and since the early work of Ludecke (7), who separated the 
liberated acids as an oil (“oleic acid”), the general opinion has been that 
such acids are unsaturated. On the other hand, Levene, Rolf, and Simms 
(2) demonstrated that lysophospholipids derived from egg yolk after 
incubation with cobra venom contained only saturated acids. L 3 ’^sophos- 
pholipids, like their parent phospholipids, are insoluble in acetone, but un- 
like the latter are insoluble also in ether. This differential solubility has 
been used as a method for separating them from unchanged phospholipids. 
They have a powerful lytic action on many types of cells, although interest 
has been confined as a rule to their effect on erj^throcytes. The lysis of 
red cells, indeed, has provided the commonest method for detecting the 
presence of phospholipase, or for judging the extent of formation of lyso- 
phospholipids. Some, at least, of the symptoms of snake bite are due ta 
lysophospholipid formation in the body. The subject has been reviewed 
by Belfanti et al. (8) and by Ercoli (9). 

In the present communication, an attempt has been made to provide 
methods for a quantitative description of the action of phospholipase on 
phospholipids during the initial stages of the reaction, since such methods 
are required in the study of enzyme purification, activation, and inhibition. 

♦From a thesis submitted by the author to the Graduate School, University of 
Rochester, 1942, in partial fulfilment of the requirements for the degree of Doctor of 
Philosophy. Part of this investigation was carried out in the Department of Bio- 
chemistry, Queen's University, Kingston, Ontario, Canada. 

t Present address, Queen's University, Kingston, Ontario, Canada. 
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For this purpose a readily available venom, that of the cottonmouth moc- 
casin {Agkistrodon piscivorus L), was selected, with the petroleum ether- 
soluble phospholipids of beef brain, acting as substrate, Experieace showed 
that neither of the two methods mentioned previously was satisfactorj; 
It was found possible, however, to follow the course of the reaction by isola- 
tion and micro titration of the liberated fatty acids, even when these cen- 
stituted as little as 1 to 2 per cent of the reaction mixture. This procedure, 
although less simple than could be desired, was more nearly quantitative 
than was expected, and this, together with a reasonable rapidity in execu- 
tion, led to its adoption. In addition, conditions were found for the 
production of a zero order reaction between enzyme and substrate, although, 
owing to our imperfect knowledge regarding the structure of the phospho- 
lipids, to the impurity of the substrate used, and to the mixed nature of the 
liberated fatty acids, absolute values for reaction constants could not he 
obtained. Ratios of reaction constants, however, which provide an 
quate technique for investigation of the reaction, were readily obtained hy 
the zero order method. 


EXPERIMENTAL 

Enzyme — The source of phospholipase for all experiments was the vcno^ 
of the cottonmouth moccasin {Aykhirodoti piscivorus L). This^ venom L' 
reactive (10), relatively inexpensive, and easy to obtain in dried form* 
Since it appeared to be inhibited easily, all glassware, after prelimi^O 
cleaning, was boiled briefly in dilute nitric acid and then thoroug } 
rinsed. Redistilled water was used in the preparation of ail reaction mrf 
tures. 

Substrate — The routine use of highly purified ^phospholipids uiis 
ered to be inadvisable, for these are difficult and tedious 
are still imperfectly characterized. For the purposes of this y; 

therefore, the petroleum ethei-soluble fraction of beef brain phoip o 
’ivas used. This fraction was prepared as follows; IPadi-? 

5 pounds (2.3 kilos) of fresh beef brain were finely divided m 
machine in the presence of an equal volume of acetone. The 
diluted with 3 liters of acetone, shaken, filtered, and the resi 
with acetone for 6 hours. It w'as then extracted once nit a c ^ 
twice with ether, over a period of 24 hours, at room 
alcohol- and ether-soluble material, after removal of liters 

was suspended in 400 ml. of chloroform, and added drop^wse ^ 
acetone. The precipitate which formed was separated ron 
natant solution by decantation. A second, and some 
cipitation was made, after which the acetone-insoluble 

1 Ross Allen Reptile Institute, Silver Springs, Florida. 
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pended in petroleum ether, and stored at 3° for 24 hours. The voluminous 
white precipitate which appeared (mainly cerebrosides and sphingomyelins) 
was separated by centrifugation and discarded; and the supernatant solu- 
tion, after making to volume with petroleum ether, was stored at 3® until 
needed. 

The mixture obtained in this manner weighed about 70 gm. In seven 
different preparations the molecular ratios of choline (11) to phosphorus 
(12) varied from 0.20 to 0.27 (3.0 to 3.3 per cent phosphorus by weight), 
indicating the presence of both lecithins and cephalins, with the latter 
predominating. Fatty acids, determined gravimetrically after saponifica- 
tion, comprised 60 to 65 per cent by weight of the substrate. Iodine num- 
bers (13) of these acids varied from 106 to 115. Acetal phospholipids^ 
made up 17 to 20 per cent, and cholesterol 3 to 4 per cent of the mixture 
(15). Small amounts of sphingomyelins, cerebrosides, water, and other 
extraneous substances Avere undoubtedly present, although no analyses 
were made. For purposes of calculation, however, these Avere assumed to 
comprise 5 per cent of the mixture. In some instances the substrate Avas 
stored as much as 6 AA^eeks before being completelj^ utilized. During this 
time it darkened considerably in color, and developed a small blank titration 
(vide infra). Its reactivit}’’ Avith phospholipase, hoAve\'er, decreased only 
slightly. 

No attempt AA^as made to obtain extensive analytical data on the nature 
of the lecithins and cephalins in the obviously impure substrate, since 
primary emphasis in this investigation concerned the development of 
methods applicable to subsequent studies on the enzyme and on specific 
substrates. As a guide to the relative proportions of lecithins and cephalins 
in crude mixtures of the type used here, experience in this laboratory has 
been that molecular ratios of choline to phosphorus are reasonably’' reliable. 
This opinion aa'os AA'eakened, Avith respect to brain phospholipids, by the 
appearance (after this investigation u’as concluded) of a report by Char- 
gaff, Ziff, and Rittenberg (16), in AA^hich it AA’as shoAAm that only 50 per cent 
of the non-amino nitrogen in brain lecithin and cephalin mixtures could be 

* Acetal phospholipids (plasmalogens) were determined by hydrolysis and isola- 
tion of the aldehydes (plasmals). For example, 7.8 gm. of the mixed phospholipids 
were emulsified in 200 ml. of waier, and made 0.1 n with respect to hydrochloric acid. 
After standing 1 hour at room temperature, the emulsion was extracted repeatedly 
with petroleum ether, and the combined extracts reduced to a small volume. Addi- 
tion of excess acetone and a few drops of alcoholic magnesium chloride precipitated 
the phospholipids, and the aldehydes, which remained in solution, were dried and 
weighed. The yield was 0.S65 gm., i.e., 11 per cent of the initial weight of material, 
or 20 per cent if converted to terms of the acetal phospholipids originally present. 
The product Avas semisolid, light yellow in color, and gaA’^e an intense Feulgen alde- 
hyde reaction (14). It Avas completely soluble in petroleum ether after drying, and 
was insoluble in dilute alkali. 
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of acids (mean molecular weight, 300) represent 0.S3 ml of 0.04 xsodius 
hydroxide. 

As previously stated, acids obtained by enz^onic hydrolysis of fre?! 
preparations of substrate were almost colorless oils at room temperatuiv 
IVIean molecular weights ranged from 295 to 308; iodine numbers from 
to 222. The Yasuda method for determination of iodine numbers has beei 
shown to give 90 per cent of the theoretical values for the more higbh 
unsaturated compounds, methyl linoleate (19), and values found b\ 
this method to exceed 150 were corrected accordingly. The macrometboJ 
of Hoffman and Green (20) gave theoretical values for methyl linoleate, 
but was not suited to the small amounts of acids usually available. 

Although it has been generally believed that phospholipase hydrolyxes 
only unsaturated acids from the phospholipids, the literature revealed do 
definite proof. This belief w*as confirmed by a microfractionation into 
liquid and solid acids (21), with 45.S mg. of acids obtained from a freA 
preparation of substrate in 69 per cent yield (vide infra). Solid acids ob- 
tained by fractionation weighed 2.7 mg. (5.9 per cent), iodine number lU 
indicating that they were, for the most part, not saturated acids, but sobl 


isomers of the imsaturated acids. 

A selective action of phospholipase towards acids of varying degrwj^ 
unsaturation, or of different molecular weights, appeared possible. T ' 
was tested experimentally by determining the iodine number and nii^^ 
molecular weights of the acids in their progressive liberation during^ ' 
initial stages of the reaction. Although the last aliquot withdrawn 
the reaction mixture contained 5 times as much acids as the first, no c 
in iodine number or mean molecular weights was observed. Iodine 
bers varied at random from 198 to 20S; mean molecular weights from 
to 305. This result, with respect to iodine numbers, confinne t a 
Chargaff and Cohen (10), who showed that the iodine numberof t 
acids from brain lecithins did not change when these were partm > 


verted to lysolecithins. . ^ 

Reaction of Phospholipase with Substrate Constituents 2 :- 

general agreement that phospholipase reacts with both ec^ ^ 
cephalins of emulsified egg yolk (2, 10, 22), although Chargs 
(10) detected no action on purified brain cephalins. The 
venom) has been reported to attack sphingomyelins also 
present investigation, although no detailed study of 
pholipase on purified phospholipids was made, it was ^ 

the reactivity of the venom towards the constituents of the 
Cercbrosidcs and Sphingomyelins, Acetal Phospholipid^ a^t 
lipids— 'isono of these substances reacted. ^ ^ it* 

Cerebrosides and sphingomyelins were obtained 
acetone-insoluble, petroleum ether-insoluble lipid frac 10 
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Failure of the acetal phospholipids to react was determined indirectly. 
Each of two samples of brain phospholipids weighing 0.72 gm. was incu- 
bated for 22 hours, the one with venom added, the other without venom. 
Each sample was then subjected to the procedure for the isolation of lib- 
erated acids, wliicli would also serve to remove liberated aldehydes. The 
acetone-insoluble residues were then emulsified in 0.1 n hydrochloric acid, 
and the hydrolyzed aldehydes were isolated by a method already described. 
In the venom-incubated sample, the yield of aldehydes was 8.4 per cent of 
the weight of the original sample; in the control sample, the yield was 9.0 
per cent. Repetition of the experiment showed a smaller difference be- 
tween samples. 

Evidence that venom did not decompose phospholipids beyond the lyso- 
phospholipid stage was furnished by its non-reactivity towards lysophos- 
pholipids isolated (a) by solvent fractionation from enzymically decom- 
posed egg yolk phospholipids and (6) by the cadmium chloride procedure 
of King and Dolan (22). 

Lecithins aiid Cephalins — The results of several experiments lent support 
to the belief that both these substances were reactive. Evidence for this 
was furnished, for example, by experiments in which the reaction was 
carried as far as possible towards completion. In one experiment, 1.5 
gm. of substrate (as a 3 per cent emulsion) was incubated with 15 mg. of 
venom for 24 hours. The acetone-insoluble residue, after separation of 
the liberated fatty acids, was emulsified, reincubated with venom, and 
additional acids isolated. This procedure was repeated twice more, the 
fourth incubation yielding virtually no free acids. The combined weight 
of acids was 386 mg.; mean molecular weight, 298; iodine number 178.’ 
Lysophospholipids isolated from the reaction mixture (vide infra) had essen- 
tially the same choline to phosphorus ratio (0.20) as the substrate (0.24). 
In order to calculate the extent of the reaction, and in view of the substrate 
composition as previously detailed, lecithins and cephalins were assumed 
to comprise 75 per cent by weight of the original mixture, with the remain- 
ing 25 per cent consisting primarily of non- reactive cholesterol, cerebrosides 
and sphingomyelins, and acetal phospholipids. On the basis of mean 
molecular weights for the fatty acids and for the mLxed lecithins and 
cephalins of 300 and 800, respectively, the yield of acids was then found to 
be 92 per cent theoretical. From this high value, taken in conjunction 
with the observed ratios of choline to phosphorus, there could be no serious 
doubt that lecithins and cephalins were reactive. 

This conclusion was supported by other experiments in which the reac- 
tion was made as complete as possible during a single incubation. For 
example, 1.88 gm. of substrate were incubated for 11 hours with 40 mg. of 

* Iodine numbers of acids isolated in ‘experiments of this kind were always low, 
due to oxidation during the repeated incubation of the substrate. 
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venom. This excessive quantity of enzjmie was then supplemented bv 
an additional 30 mg. and incubation continued another 4 hours. The \ieU 
of acids was 0.382 gm.; mean molecular weight 308; iodine number ^ll; 
calculated ^deld of acids, 72 per cent theoretical. in the preceding ex- 
periment, lysophospholipids isolated from the reaction mixture contictd 
choline and phosphorus in a ratio comparable to that of the substrate (0.22). 

A quantitative separation of lysophospholipids from the reaction mixture, 
by means of their insolubility in ether, was not attained. Thus, an expeii- 
ment which yielded fatty acids calculated by the foregoing method to be 79 
per cent theoretical gave ether-insoluble matter calculated (as lysophos- 
pholipids) to be 19 per cent theoretical. The foUondng results were ob- 
tained on analysis: phosphorus 5.90 per cent (substrate, 3.10 per cent), 
choline to phosphorus 0.22 (substrate, 0.27), mixed fatty acids 31.6 per 
cent, iodine nmnber 30 (substrate, 62.7 per cent, iodine number 115). Is 
experiments similar to this, but in xvliich purified lecithins and cephilin? 
were employed as substrates, Chargaff and Cohen (10) reported that lysh 
' ''rithins could be isolated in ydelds of 15 to oO per cent by weight of the 

‘Ual substrate, but that cephalins were non-reactivc. Since isolation oi 
y acids was not made by these workeis, complete^ correlation of 
results xvith our own is not possible at the present time. 

Kvieiics — ^Although a detailed kinetic investigation is seldom, if 
justified when, as in the present instance, both enzyvae and substrate are 
impure, an accurate study of enzjnne purification, activation, or inhibition 
requires a method for evaluation of reaction constants, or of ratios of reac- 
tion constants, during the initial stages of the reaction. For the 
determination of reaction constants, enzyme-catalyzed hydrolytic reactio^ 
can sometimes be made to simulate first order reactioiis by suitable 
tion in the initial substrate concentration. This was not feasible in the 
of phospholipase, due to the concomitant increase in volumes of substrate 
emulsion required for analysis. As a result, two methods for detenmra*^ 


ratios of reaction constants were examined. ^ . 

Reciprocal Time Method — In a reaction of a given type, the ratio - 
reaction constants for a given condition and its variant equals t e r ^ 
of the reciprocals of the times required to effect a given change 
method was found to be reasonably satisfactory. Although details u 
be given here, it was shown that the i*ate of reaction was direct 
tional to the enzymie concentration. The method wa^ used also o u 
mine the stability of venom in buffer solution. A O.I per cent so “ 
heated for 30 minutes at varying temperatures, after which i ^ 
was determined. It was found that the enzjine was not ma« 

35^ but underwent 72, 86, 96, and 99 per cent inactivation at oo , 

and 90°, respectively. . , arJ 

Zero Order Reaction— Sere the rate is a linear Junction of 
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independent of substrate concentration. The ratio of reaction constants, 
therefore, is detej-minecl directly by finding the ratio of the amounts of 
substrate changed in a given time; and when, as in the case of phospho- 
lipase, the rate of reaction is directly proportional to the enzyme concentra- 
tion, the latter ratio is ecjual also to the ratio of the amounts of active 
enzyme. In this way the study of the enzyme is placed upon a simple 
basis. 

The reaction between phospholipase and substrate was zero order during 
its initial stages U’hen the substrate concentration was increased to 6.5 per 
cent or more, and the reaction conducted at 22®. Jn Fig. 1 is shown the 
effect of increased concentration of substrate on the reaction velocity at 22® 
and 37®. Aliquots of varying volumes were transferred from a 9 per cent 
substrate emulsion into glass-stoppered Erlenmeycr Hasks. Each aliquot 
was then diluted to 19 ml. with buffer, mixed with 1 ml. of venom solution, 
and allowed to react for 10 minutes. At 22® the rate of reaction was nearly 
constant at substrate concentrations greater than G per cent; whereas at 
37® the rate increased steadily over the range of concentrations examined. 
A substrate decomposition curve under the conditions applying at 22® is 
shown in Fig. 2. In this expeiiment the initial substrate concentration was 
6.5 per cent. The curve obtained was linear (zero order) over a range repre- 
sented by 1 to 3 ml. of standard ba.se. 

In Fig. 2 the linear part of the cui've, when extended, does not meet the ori- 
gin, but a point considerably above this, at about 0.8 ml. of standard base. 
This could be due (a) to an excessively large blank titration or (6) to incom- 
plete inhibition of the reaction by basic lead acetate at the time of removal 
of aliquots for analysis. Both of these possibilities were examined, with 
negative results. It may be, therefore, that in this mixed substrate there 
was present a small quantity of material which reacted w ith the enzyme at 
a rate much greater than did the bulk of the substrate. Although this 
question was not examined further, the usefulness of the method was not 
impaired, provided that the curves obtained under different conditions 
extended to the same point. That this is actually the case (within 
experimental error) was shown in an experiment (Fig. 3) in which three 
different substrate preparations reacted with the enzyme, (a) the 
stock petroleum ether-soluble substrate, and (b) and (c) alcohol-soluble 
and insoluble substrates prepared from (a). Choline to phosphorus ratios 
of (a) and (6) were 0.24 and 0.57 respectively, with (c) being choline-free.^ 

Application of the method was made in determining the heat stability of 

^ The curious failure of two fractions of the stock substrate to react at as great a 
rate as the stock substrate itself was confirmed in another experiment. Possible 
explanations are numerous, but would be premature at the present time. The results 
have been included (1) for reasons given in the text and (2) because they serve to 
illustrate the usefulness of the method as applied to this type of problem. 
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phospholipase at 47°. For this purpose a 0.23 per cent solution of venom 
was maintained at 47° for periods up to 3 hours, before being added to a 



Fio. 1, The effect of substrate concentration, on the rate of reaction. Titration 
values represent the acids liberated in 10 minutes from 20 ml. of substrate emulsion 
of varying per cent concentrations. Curve A, 0.25 mg. of venom per ml. of emulsion, 
temperature 22°; Curve B, 0.16 mg. of venom per ml, of emulsion, temperature 37 . 
In Curve B the decreased enzyme concentration accounts for the decreased initia 
slope. 

Fig. 2. Hydrolysis of phospholipids by phospholipase as a zero order reaction. 
Titration values represent the acids liberated from 10 ml. aliquots of a 6.5 per cen 
substrate emulsion. Concentration of venom, 0.25 mg. per ml. of emulsion; tern 
peraturc 22°. The curve is linear between approximately 1 to 3 nil. of standard base. 

Fig. 3. Showing the extrapolation of zero order curves to a common origin. 
Titration values represent the acids liberated from 10 ml. aliquots of 7.5 
substrate emulsions. 0.25 mg. of venom per ml, of emulsion; temperature — . 

Fig. 4. Illustration of the zero order reaction method, applied to the heat lon^^ 
tivation of phospholipase at 47°. Curve A, titration values of acids 
minutes from a 7.5 per cent substrate emulsion, plotted against time of prehea lU 
a 0.23 per cent solution of venom. Concentration of venom at zero time o 

0. 25 mg. per ml, of emulsion. Curve B, per cent inactivation of enzyme, derive 
Curve A (see the text). 

7.5 per cent substrate emulsion at 22°. After 15 minutes 

1. e. for a period of time during which the reaction was zero 

the reaction was stopped, and the liberated acids titrated (Fig. 
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Fig. 4 iirc plotted also the results obtained when all titration figures were 
expessed in per cent decrease from the value at zero time of heating at 47°. 
As stated previously, these percentages are then equal to the per cent 
inactivation of the enzyme by heating.' 

DISCUSSION 

Considerable care is required in order to isolate and titrate acids accord- 
ing to the method described, and with the precision claimed. On the other 
hand, the method, when mastered, enables the operator to carry out six. to 
ten analyses in a period of 3 hours, and this is probably sufficiently rapid for 
application, for example, to studies involving the separation and purifica- 
tion of phospholipase from animal tissues. In some of the latter experi- 
ments the substrate, previously stored in petroleum ether solution, was 
stored at 3° as a 7.5 per cent emulsion (in phosphate buffer, pH 7.0), a 
procedure which was entirely .satisfactory and which eliminated the 
necessity for preparing a fresh emulsion for each set of analyses. 

There are two definite advantages, apart from kinetic considerations, 
in the adoption of a zero order reaction technique. These are (1) elimina- 
tion of the necessity for preparing an emulsion of accurately known con- 
centration, since rate of reaction under these conditions is independent 
of substrate concentration; and (2) the smaller (though more concentrated) 
volumes of reaction mixture rcfiuircd for analysis. The adoption for 
routine use of a 7.5 per cent substrate emulsion would appear to be suitable, 
since at th.s concentration the reaction is zero order within fairly wide 
limits (Fig. 3). More concentrated emulsions are very viscous, making 
the removal of aliquots inaccurate. 

Unfortunately the work reported here was interrupted before extensive 
application of the methods described was possible. On this account, for 
example, the reaction of phospholipase with both lecithins and cephalins 
of the substrate, made probable by experiments dcscj'ibcd in the text, cannot 
be regarded as proved, particularly in view of the failure of Chargaff and 
Cohen (10) to obtain any reaction with purified brain ccphalin. From the 
fact that these authors, and others (2, 22), have found cephalins in egg yolk 
emulsions to be reactive, however, it would appear that the process of puri- 
fication may lead to non- reactivity. In this connection it may be added 
that little is known regarding substances which inactivate phospholipase. 
The heat stability of the enzyme is considerably less than has been reported 
for pancreatic phospholipase (3) and for cobra venom (25), but this dis- 
crepancy is to be expected in view of the fact that the latter results were not 
obtained by deteimination of reaction rates. 

SUMMARY 

1. A method is described for following the partial hydrolysis of phospho- 
lipids by the phospholipase of moccasin venom. 10 mg of fatty acids, 
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mixed with 700 mg, of phospholipid, may be isolated and titrated with less 
than 5 per cent error. 

2. Application of this method was made in studying the initial stages of 
the reaction. Conditions were found for the productioa of a zero order 
reaction, and the usefulness of this type of reaction in the experimental 
study of the enzyme is described. 

3. Evidence is presented to show the reactivity of both lecithins and 
cephalins in the substrate. Liberated acids were unsaturated, and there 
was no preference on the part of the enzyme for acids of varying degrees of 
unsaturation, or of varying molecular weight. The reaction was calculated 
to approach completion when reaction products were removed. 

4. Cerebrosides, sphingomyelins, acetal phospholipids, and lysophos- 
pholipids did not react with venom. 

The author wishes to acknowledge his great indebtedness to Dr. W. R. 
Bloor and Dr. R. G. Sinclair, who made this work possible. 
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FREE FATTY ACIDS IN ANIMAL TISSUES 


By DONALD FAIRBAlRNf 
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From time to time, the presence in various animal tissues of considerable 
amounts of the higher molecular weight fatty acids in the “free” state has 
been reported (1-5). Among the tissues in which these free acids were 
found are blood (1,4), liver (2, 3), heart, muscle, lung, and kidney (1, 2), 
and intestinal mucosa (5). As an example, Kelsey and Longenecker (4) 
found that of the total fatty acid composition of the acetone-soluble beef 
plasma lipids, 24.1 per cent occurred as free fatty acids. It has been gen- 
erally recognized that such acids do not necessarily occur free in living 
tissues, and that their presence may be due to the autolytic decomposition 
of cell lipids during the preparation of extracts for analysis. Apparently 
this possibility has not been adequately tested. Experiments conducted 
in this laboratory showed that autolysis of liver phospholipids proceeds 
rapidly upon removal of the organ from the body, and suggested that these 
and the glycerides might be responsible for the free acids so often found. 
Accordingly, experiments were carried out which indicated that the free 
fatty acid content of whole mice, and of cat liver, is very small, and that 
autolysis of cell lipids is probably the source of most of the acids ordinarily 
found. 


EXPERIMENTAL 

Auiolysis of Laver Phospholipids — Preliminary experiments on the autol- 
ysis of hver phospholipids were performed as follows. Portions of the 
livers of adult rats or cats were removed, and transferred quickly to weighed 
conical centrifuge tubes containing about 20 ml. of alcohol and a little sand. 
The tissue was ground immediately and the tubes and contents reweighed. 
Other portions of the liver were then removed, weighed, and (q) allowed to 
autolyze at room temperature, (6) ground and autolyzed at room tempera- 
ture, or (c) ground, suspended in phosphate buffer, pH 7.2, and autolyzed 
at 37°. Phospholipids were isolated from control and autolyzed samples 
by the usual methods, and the amounts of fatty acids, phosphorus (6)^ 

* Taken from a thesis submitted by the author to the Graduate School, University 
of Rochester, 1942, in partial fulfilment of the requirements for the degree of Doctor 
of Philosophy. 

t Present address, Queen^s University, Kingston, Ontario, Canada. 
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and choline (7) were determined and compared. Fatty acids were deter- 
mined gravimetrically after saponification of the phospholipids. The 
results of experiments with unground liver, autolyzed for a few minutes at 
room temperature, always showed a decrease of about g per cent in phos- 
pholipid fatty acids, phosphorus, and choline ivhen compared with the 
control values. When the liver w'as ground and allowed to autolyze, 
hydrolysis of the phospholipids increased to about 15 per cent, and then 
came to an abrupt stop. On the other hand, when the ground liver was 
buffered and then autolyzed, hydrolysis went much further. One of sevmt 
experiments of this type is described below. 

Two adult male rats were anesthetized with nembutal, and their livera 
were exposed. A portion of about 0.5 gm. was removed from each liver, 
the two portions were combined, ground in .alcohol, and weighed. The 
remainder of the two livers was combined, weighed, and ground finely 
with sand. It was then transferred to phosphate buffer at 37^ (100 nil. of 
0.05 M buffer, pH 7.2, per gm. of tissue), and shaken for i minute. 200 nil. 
aliquots were removed at intervals up to 12 hours. Each aliquot jis with' 
drawn was transferred to a centrifuge tube, after which the phospliolipith 
and proteins were precipitated with colloidal iron and magnesium 
(8) and centrifuged. The supernatant solution was free of phospholipi^b. 
Phospholipids were extracted from the precipitate, and analyzed for 
phorus, choline, and fatty acids. 

The rasults of this experiment are shown in Fig. 1, in which per cent 
hydrolysis of phosphorus, choline, and fatty acids, calculated t:ontn!)l 
and autolyzed samples, is plotted against time. It Is apparent that CurieJ 
A, B, and C, reprasentiug phosphorus, fatty acids, and choline, rc.specfivrl.L 
parallel one another closely, and approach a maximum hydrolysis of 
per cent after 4 hours incubation. Thus a given, phospholipid molecuk, 
hydrolyzed at all, is liydrolyzed rather completely, lecithins and 
being degraded at about the same rate. Iodine numbers of the 
phoiipid fatty acids isolated from control and autolyzed sampler uni 
from m to 133. , , 

Free Fatly Acids in Normal and Autolyzed Tissues— The expenme^^^ 
which have just been described showed that free fatty acids on 
found in lipid extracts could be due to autolytic hydrolysis of the 
lipids during the preparation of these extracts. This po‘%sibility 
experimentally. Normal values for free fatty acids, and apparent 
following autolysis, were determined on whole mice (le^ the ^ 

tlnal tract) and on cat liver. In the determination of 
fast freezing technique was used, since autob^sis could be 
pressed in this way. Preparation of the lipid extract.s, remova 
fering substances, and titration of the acetone-soluble fatty ac 
carried out by methods previously described (9). 
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Experiments with Mice — Thirty young adult male mice, reared on a uni- 
form stock diet, were divided into two equal groups. The animals in Group 
1 were used to determine the normally occurring free acids, and those in 
Group 2 were used to determine the free acids after the tissues were ground 
in air at room temperature. Details of the experiment arc summarized in 
Table I. Inspection of this table reveals the fact that the amounts of free 
fatty acids in normal mouse tissue (Group 1) were very small, averaging 
2.2 mg. per gm. of dry, fat-free tissue, or 0.55 per cent of the acetone- 
soluble lipids. On the other hand, the free fatty acids of autolyzed mouse 
tissues averaged 14.8 mg. per gm. of dry, fat-free tissue, or 4.1 per cent of 
the acetone-soluble lipids. This is a 7-fold increase over the average normal 
value. 



Fig. 1. Autolysis of liver phospholipids in buffered suspension. Curves A, B, and 
C show the progressive decrease in phospholipid phosphorus, fatty acids, and choline, 
respectively. 

Experiments vnth Cat Liver — ^Liver tissue is known to autolyze rapidly, 
and was therefore chosen for these experiments. The following method 
was used. 

The liver was removed from an anesthetized cat, and frozen as rapidly 
as possible by laying against the walls of a mortar which had been thor- 
oughly chilled in a freezing mixture of acetone-carbon dioxide ice. 3 or 4 
minutes were required for complete freezing. The tissue was then ground 
in a cold meat chopper, and while still frozen was transferred to 125 ml. 
Erlenmeyer flasks in lots of 10 to 15 gm. each. These were attached to a 
high vacuum system, which removed the water from the frozen tissue (10). 
After 24 hours evacuation, the flasks were sealed under a vacuum and stored 
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at 3° unta used. The amount of water removed from the hver by this 
method was comparable to that removed by desiccation at 100° over phos- 

Table I 



Dry faMrce 
residue 

Average 

deviation 

<e 

** deviation 

mr. Per gm, 

2.2 

0.5 

14.8 

2.0 


soluble Iipidt 


Group No. 

1 (fifteen mice) 

2 (fifteen mice) 


cAprtiaaea as oieic acid. 

roup 1 ^ce served as controls. The anesthetized animals, after removal of tte 
gastrmntestinal tract, were immersed in a freezing mixture of alcohoUcarbon dioxide 
ice. ac rozen carcass was then ground in a cold meat chopper and transferred 
in^e 1 ‘ite y to boiling alcohol. Total lipid extracts were prepared, and freel^atty 
acids determined by titration. 

In Group 2 animals, the gastrointestinal tract was removed, and the mice were 
grouri , with no preliminary freezing. The minced tissues were allowed to stand 
for 1 hour at room temperature before the lipids were extracted. In control expen- 
ments, it was shown that from a mixture of 5 mg. of oleic acid, 100 mg. of phospholi- 
pids, and 100 mg. of triglycerides, 90 per cent of the fatty acid could be separated, as 
measured by titration; or95 per cent separation could be effected if the initial weight 
of oleic acid was increased to 10 mg. 



TIME IN HOURS 

Fig. 2. The progressive increase of free fatty acids in buffered liver 
Curve A gives the results of titration of the acetone-soluble lipid fraction. In 
B the acids were separated from other acetone-soluble lipids, and retitrated. 

phorus pentoxide. Total lipids of 0.5 gm. samples of this 1 ‘ver prepara^^ 
were extracted, and the free fatty acids determined. In additioo, 
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of the same preparation were pulverized in a mortar, shaken with 400 ml. 
of phosphate buffer, and incubated at 37°. 50 ml. aliquots were removed 
from the mixture at time intervals ranging from 10 minutes to 4 hours, and 
were diluted immediately with 100 ml. of boiling alcohol. Total lipid e.x- 
tracts were then prepared and analyzed for free fatty acids. 

Curve A, Fig, 2, shows the results of one of three such experiments, all 
of which gave similar results. Free fatty acids are expressed as per cent 
of oleic acid in the acetone-soluble lipids. On this basis, control samples 
(at zero time) gave values of 2.2 to 2.5, and autolyzed samples gave rapidly 
increasing values, the per cent after 4 hours incubation being 38. That 
the acids titrated were actually fatty acids was shown by removing them 
from other acetone-soluble lipids as the sodium soaps, acidifying, and titrat- 
ing weighed portions of the precipitated acids with standard base. Curve 
B, Fig. 2, demonstrates the nearly quantitative isolation of the fatty acids. 
In all cases a mean molecular weight of about 300 was obtained. 

DISCUSSION 

H 3 "drolysis of the constituent phospholipids during autolysis of liver was 
fii*st observed by Artom (11), who found a 33 per cent decrease in the liver 
phospnolipids of the dog after a 24 hour incubation of an unbuffered mince. 
After the experiments reported in the present communication had been 
completed. Fishier ei al. (12) and Sperry and associates (13) reported the 
hydrolysis of the phospholipids of liver slices or pieces, as measured by the 
changes in phospholipid phosphorus. No study of the constituent fatty 
acids or choline was made. The chief points requiring emphasis in our 
experiments are (a) the rapid initial loss of phospholipids when the liver 
is removed, and (5) the rather complete hydrolysis of a given phospholipid 
molecule. The first point is of some importance, for the conditions under 
which some 15 per cent of the phospholipids are hydrolyzed, t.e,, grinding 
the liver in air at room temperature, are the very conditions which are 
generally used in the preparation of total lipid extracts. This loss of phos- 
pholipids was overcome by grinding the liver in alcohol. The second point, 
although highly interesting, scarce!}'' warrants discussion at the present 
time. Failure of the autolytic enzymes to distinguish between the lecithins 
and cephalins, or the various unsaturated acids, could possibly be inter- 
preted as evidence against the theories of “structural” and “metabolic” 
phospholipids (14), although the dangers involved in reading the results 
of autolytic experiments into in vivo mechanisms are obvious. 

Our results show clearly that the free fatty acid content of normal mice 
(less the gastrointestinal tract) and of cat liver is very low. It is probably 
fair to conclude that much higher values reported previously for various 
tissues have been due, in large part, to inadequate control of the appropriate 



650 


FREE FATTY ACIDS IX AXL\L\L TISSUES 


anzymes during the preparation of the lipids for analysis. This assumption 
is supported in our experiments by the large increase in free fatty acids 
which occurred even as the result of a very mild autolysis. Although the 
values for normal tissues are low, they may in actuality be much too high, 
for it must be noted that freezing of the tissues never occurreAinstantane- 
ously, and that, as a result, the enzymes involved in the liberation of fatty 
acids were almost certainly only partially inhibited during the initial ex- 
perimental procedures. The control values, therefore, should be regarded 
as maximum values for the tissues which were studied. 

SUMiU.RY 

1. \Mien rat or cat liver is extirpated, a part of the constituent phospho- 
lipids is rapidly hydrolyzed by the intracellular phospholipases. Within 
a few minutes, this hydrol3^sis in intact, isolated liver tissue amounts to 
about 8 per cent. If the liver is ground, h^'^drolj^sis increases to about 15 
per cent. I^Tien the ground tissue is suspended in buffer at pH 7.2, some 
40 per cent of its phospholipids is hydrol^’^zed within 4 hours. Decreases 
in phospholipid phosphorus, choline, and fatty acids parallel one another 
closety. There appears to be no preferential hydrolysis of particular 
fatty acids. 

2. The amounts of free fatty acids which occur normalty in tissues are 
very small, averaging 2.2 mg. per gm. of dry, fat-free mouse tissue and 2.3 
per cent of the acetone-soluble lipids of cat liver. These values, due to 
limitations of the experimental methods, may be regarded as maximum- 
Autolysis, even for short periods of time, greatl}’’ increases the amount 
of free fattj’^ acids in these tissues. 

The author wishes to express his great indebtedness to Dr. W. R. Bloor 
and Dr. H. G* Sinclair, who made this work possible. 
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MICROBIOLOGICAL METHODS FOR THE DETERMINATION OF 

AMINO ACIDS 

I. ASPARTIC ACID AND SERINE 
By JACOB L. STOKES anp MARION GUNNESS 
{From the Research Laboratories^ Merck and Company ^ Inc., Rahway, New Jersey) 

(Received for publication, November 22, 1944) 

Ivnowleclge of the growth factor requirements of various lactic acid 
bacteria, especially Lactobacillus casei and L. arabinosus 17-5, has led to the 
development of useful microbiological methods for the quantitative deter- 
mination of most of the B vitamins. Recently attention has turned to the 
amino acid requirements of the lactobacilli. The amino acids necessary 
for growth of L. casei and L. arabinosus have been determined (1-4) and 
satisfactory methods have been developed with these two organisms for the 
assay of leucine (3-5), isoleucine (3), valine (3-b), arginine (6), phenyl- 
alanine (4), trjq^tophane (7), and glutamic acid (8) in purified proteins and 
to a more limited extent in natural products. 

Although Lactobacillus casei or L. arabinosus responds quantitatively to 
arginine, isoleucine, leucine, methionine, phenylalanine, threonine, trypto- 
phane, valine, glutamic acid, tyrosine, and cystine (2-4, 6, 9), irregular 
results have been obtained -with serine, aspartic acid, and lysine (9). Also 
neither organism requires histidine, proline, hydrox^^proline, norleucine, 
glycine, or alanine for growth, presumably because these amino acids are 
s^mthesized by the bacteria. It seemed desirable, therefore, to investigate 
the amino acid requirements of other lactobacilli which might be used for 
the assay of those amino acids which cannot be satisfactorily measured vAih 
L. casei or L. arabinosus. The amino acids necessary for growth of L. 
delbruckii LD5^ have been determined (to be published elsewhere) and a 
method has been developed for the assay of aspartic acid and serine in puri- 
fied proteins. The latter is described in the present paper. 

Procedure 

Inoculum — Stab stock cultures of the organism are carried in a medium 
of the following composition: 1 gm. of glucose, 0.5 gm. of Bacto-peptone, 
0.6 gm: of anhydrous sodium acetate. Salts A and B in half the concentra- 
tion given in Table I, and 1.5 gm. of agar per 100 cc. of medium at pH 

1 Kindly supplied by Dr. I. C. Gunsalus. It can be obtained from the American 
Type Culture Collection, Georgetown University School of Medicine, Washington, 
D. C,, where it is listed as No. 9595. 
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6.8. The cultures are stored iu a refrigerator and subcuitured each month. 
Inoculum for the assay is prepared by transferring a small amount of growth 
from a stab culture to a centrifuge tube containing 8 cc, of the same medium 
but 'ivithout agar. After incubation for 16 to 24 hours at 37®, the cells of 
the liquid culture are centrifuged, washed mth water, and suspended in 20 
cc. of water. Occassionally, 2 day-old cultures have been used wthout 
any harmful effect. Use of more dilute suspensions tends to give “standard 

Table X 


Basal Medium 


dt-Leucine 

100 mg. 

Glucose. 

lO.O gm. 

dl-Isoleucine 

100 “ 

Sodium acetate (anhydrous) 

3.0 " 

dl-Valine . 

100 “ 

Adenine 

10 mg. 

I{~.)-CyBtine 

100 “ 

Pantothenic acid. 

100 r 

dl-Methionine 

100 “ 

Ribodavin 

100 “ 

f(—) -Tryptophane.. .. 

100 “ 

Nicotinic acid 

100 “ 

)-Tyxo3ine, 

100 “ 

Pyridoxamine*. 

100 " 

oT-Phenyfafamne 

ICO " 

, Hiotin 


dl-Glutamic acid 

100 “ 

i Polic acidf 

0.5{ “ 

df-Threonine 

100 “ 

Salts A 


dl-Alanine . . 

100 “ 

KjHPO* 

250 fflg. 

d^Aspartic acid§ 

100 “ 

KH,P04 

250 “ 

f(-b)-by8ine . 

: 50 “ 

Salts B 


I(d-) -Arginine . . , 

100 “ 

MgSO^'THsO...... 

100 “ 

l(d-)-Histidine .. . 

100 “ 

NaCl 

5 “ 

di-Serine}l . 

lOQ " 

FeSO<-7H,0 

5 “ 

l(-~)-Proiine . ... 

100 “ 

MnSOi-4HjO 

5 “ 

1 ( — )-Hydroxyproliae 

100 “ 

Adjust to pH 0.8 


dl-Norleucine . 

100 “ 

Add distilled HjO to 

250 cc. 

Glycine. , 

100 “ 




* We are indebted to Dr. S, A. Harria, Dr. Dorothea HeyJ, and Dr.K.PoIfcerafor 


this compound. 

t Kindly supplied by Dr. R, J. WUliams as a concentrate, 
t Equivalent to 0 5 y of material of “potency 40,000.“ 

§ Omitted in assaying for aspartic acid. 

|j Omitted in assaying for serine. 

curves’^ which do not reach the usual maximum of 9 to 10 cc. of titratnbfe 
acid. 1 drop (about 0.05 cc.) of cell suspension is used to inoculate ciic 
tube in the assay. ^ 

Assay Medium — The composition of the assay medium is shown m 
I, The amount indicated is suflBcient for 50 assay tubes since eac 
receives 5 cc. of medium. This is enough for determining one 
in three different proteins. In preparing medium for larger 
ance should be made for twenty tubes for the standard and ten ^ 
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each uukuown* Stock solutions of the amino acids are prepared in distilled 
water in a concentration of 10 mg. per cc. Only 5 mg. of leucine are added 
per cc. to avoid crystallization on standing. Glutamic and aspartic acids 
are prepared in a concentration of 20 mg. per cc. Tyrosine is dissolved 
in 1 X NaOH and then diluted with water so that a solution of 10 mg. 
per cc. of 0.1 x NaOH is obtained. Cystine is dissolved in 2 x HCl and 
diluted nith water to a final concentration of 5 mg. per cc. of 0.2 x HCL 
It has been found convenient to prepare 500 cc. quantities of each amino 
acid at one time and to store these in bro^vn, glass-stoppered bottles, under 
a thin layer of toluene, in the refrigerator. They can be kept in this manner 
for several months ^vithout noticeable deterioration. 

The remainder of the ingi'edients of the medium, with the exception of 
glucose and sodium acetate, also are prepared as solutions, so that they 
can be pipetted conveniently. Salts A is made by dissohdag 50 gm. each 
of K2HPO4 and ICHoP 04 in 500 cc. of distilled water. Salts B is made by 
dissolving, in order, 20 gm. of MgS04'7H20, 1 gm. of NaCl, 1 gm. of PeSO<‘ 
7HaO, and 1 gm. MnS04*4H20 in 500 cc. of distilled water. 1 cc. of con- 
centrated HCl is added to Salts B to prevent precipitation of salts on 
standing. A stock solution containing 1 mg. of adenine per cc. is prepared 
by dissohnng 870 mg. of adenine sulfate in 500 cc. of water. 

The vitamin solutions are prepared indmdually as follows: riboflavin 
25 7 per cc. of 0.02 N acetic acid, calcium pantothenate 27.2 7 and nicotinic 
acid 100 7 per cc. of HaO, biotin (free acid) 0.02 7 per cc. of H2O prepared 
for an initial solution of the solid in 20 per cent ethanol, folic acid 1.0 y, 
and pyridoxamine 10 7 per cc. of H2O. All of the above solutions are stored 
in brown bottles under toluene in the refrigerator. The vitamin solution 
should be renewed once a month; however, fresh solutions of pyridoxamine 
should be made at shorter interv'als, since the degree of its stability in water 
is not known at present. The remaining solutions can be kept, almost 
indefinitely. 

The me^um is similar to that described by Hutchings and Peterson (10). 
It is not improved by addition of (NH4)2S04 or doubling the sodium acetate 
or by an increase in folic acid. Gro^vth of Lactobacillus delbrnckii will 
not occur if any of the listed vitamins are omitted from the medium, indi- 
cating that all are essential. In most of the experiments, pyridoxine hydro- 
chloride was used in place of pyridoxamine. When the latter became avail- 
able (11, 12), it was found to support greater growth of LaciohaciUus 
delbrUckn with serine but not with aspartic acid (see below) and is, therefore, 
to be preferred in the basal medium. 

Preparaiion of Samples for Assay — Proteins are hydrolyzed essentially 
according to the method of McMahan and Snell (6) . 300 mg. of protein are 
placed in a glass ampule of 5 cc. capacity along with 3 cc. of 10 per cent HCL 
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If onl}'' small amounts of protein are available, 50 mg, or less may be 
hydrolyzed with 1 cc. of acid. The ampule is sealed in a flame and auto- 
claved on its side for 10 hours at 15 pounds pressure. After being cooled, 
the ampule is broken open and the hydrolysate washed into a small beaker 
with approximately 25 cc, of Avater. It is then adjusted to pH 6.8 
5 X NaOH, filtered through paper if an appreciable amount of insoluble 
mateiial is present, and brought to a volume of 50 cc. vdih water. It may 
be stored under toluene in the refrigerator. 

Preparation of Standards — The aspartic acid standard solution is made 
b}' dissolving 50 mg, of Z-aspartic acid in 250 cc. of water, Tliis solution 
contains 200 y of aspartic acid per cc. The serine standard solution is 
prepared by dissohing 25 mg. of dl-sefme in 250 cc. of water to give a con- 
centration of 50 7 of the I isomer per cc. The solutions may be stored under 
toluene in the refrigerator for at least 3 weeks Arithout loss of potency. 

Assay Procedure — For the assa}^ of aspartic acid, 5 cc. quantities of the 
appropriate basal medium {see Table I), free of aspartic acid, are placed in 
lipless test-tubes (180 X 22 mm.) supported in wire racks. A standard 
curA’^e is prepared by adding, in duplicate, amounts ranging from 0 to 4 
cc. of the standard Z-aspartic acid solution, equiAmlent to 0 to 800 y of 
aspartic acid (see Fig. 1 for intermediate A'alues), to separate tubes of 
medium. To another set of tubes containing 5 cc. of aspartic acid-free 
medium are added in duplicate 1 .0, 1.5, 2.0, 2,5, and 3.0 cc. quantities of the 
appropriate dilution of the protein hydrolysate being assayed. The total 
volume in all tubes is brought to 10 cc. A\ith water. The tubes are plugged 
Avith cotton and sterilized by autoclaA’^ing at 15 pounds pressure for only 
13 minutes. On autoclaAing, the medium becomes light bronm in color, 
dark bronm discoloration indicates excessive sterilization and interfere 
Avith the subsequent colorimetric titrations. Each tube is inoculated, 
aseptically, Avith 1 drop of Lactobacillus delbruckii suspension prepared as 
described aboA’e. The racks of inoculated tubes are incubated for 72 hours 
at 37° to permit de\’'elopment of the lactobacillus to the maxinium de^ 
permitted by the available aspartic acid. Variations of 6 to 8 hours in time 
and 1° or 2° in temperature do not affect the assay significantly. 

The procedure for the assay of serine is exactly the same as th.afc ur 
aspartic acid except that serine is omitted from the basal medium used ^ 
both standard and samples and the reference cur\’e is prepared from 
serine standard solution AAith the quantities indicated in Fig^ — ^ /.-from 

After incubation, the lactic acid formed by Laciohacillus ^ ^ 

the glucose in the medium is titrated directly in each tube 
NaOH, with brom-thyunol blue as indicator. The cc. of O.l x - ^ 
quired to neutralize the tubes of the standard are plotted agains 
grains of aspartic acid or serine to give the reference curves 
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1 and 2. Similar standard curves are prepared with each assay. Dilutions 
of the protein hydrolysate under test are chosen to give titration values 
wWch fall on the sharply ascending portion of the standard curves and the 



Fiq. 1. Standard aspartic acid curve 



Fig. 2, Standard serine curve 

aspartic acid or serine content is read from the appropriate curve. The 
final value is an average of the figures obtained at the various levels which 
agree closely (Table II). 
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Activity of Optical Isomers — ^The d and I isomers of aspartic acid are 
essentiaily equally available to Lactobacillus delbruckiL This is the first 
recorded exception to previous indications that only the naturally occuniag 
isomer of amino acids can be utilized by lactobacilli (13). However, stand- 
ard cun'es prepared from I- and d^aspartic acid, respectively, are not 
superimposabie in the upper regions. It is necessary, therefore, to use 
2-aspartic acid as the standard in assays. In the case of serine, however, 
only the I enantiomorph is available to Lactobacillus delbruckiit since the 
dl form is only half as active as the I isomer.- Standard curves prepared 
mth 2- and d2-serine are identical. Therefore, the <22 form, which is the 
more readily available one, can be used as the standard. 

Table II 


Aspartic Acid and Serine Content of Gelatin at Different Assay Levels 


Amount of 
gelatin per 
assay tube 

Aspartic acid 

Amount of 
gelatin per 
assay lube 

1 

Serine 

Found 

Content 

Found 

Content 

mi. 1 

mi. 

mi. per im. 

mi. 

mi.. 

ptr 

2 

0.105 

52.5 

3 

0.122 i 

40.7* 

3 

0.160 

53.3 

4 

0.146 

36.5 

4 

0.205 

51.3 

' 5 

0.172 

UA 

6 

0.330 

55.0 

' 6 

0.210 

33.5 

8 

0.385 

48.1 

7 

0.250 

35.7 

Average 

52.0 



35.0 


* Omitted from the average. 


DISCUSSION 

The Lactobacillus delhruckii method for determining aspartic acid and 
serine in purified proteins satisfies the usual criteria of reliability m Ita 
(a) assay values obtained from different dosage levels of test sampler 
closely, indicating absence of stimulatory or inhibitory substances (la 
II); (6) there is good duplication of assay values on the same ^ 

different experiments involving different operators and preparation ol r j 
hydrolysates (Table III); (c) recoveries of aspartic acid and serine aa 
proteins prior to hydrolysis are quantitative within the experim^ta 
of microbiolo^cai methods, namely, =1=15 per cent (Tables I v ^ 

In view of the mde discrepancies in the literature on the percen age^ 
individual anuno acids in various proteins, arrived at by 
it is not profitable to compare such values too closely with those ^ 
microbiological assay. It is evident, however, that the micro lo 

» Kindly supplied by the late Dr. Max Bergmann. 
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■\'alues for aspartic acid and serine of practically all of the proteins investi- 
gated are in good agreement with those arrived at by recent, improved 
chemical methods (Table VI). This is true for the percentages of aspartic 
acid in /9-lactoglobulin and egg albumin, which are in close accord with those 
-obtained by Chibnall by highly refined chemical techniques. The micro- 

Table III 


Reproducibility of Assays 
The results are in per cent, on a dry basis. 


Protein 

Aspartic acid 

Serine 



Assay i 

Mean 

Assay 

Assay 

2 

Assay 

3 j 

Mean 

Casein, S. M. A. 

5.7 

6.2 

6.4 

6.1 

6.4 

6.3 


6.4 

Gelatin, ICnox 

5.4 

5.S 

5.9 

5.7 

3.7 

3.9 


3.S 

d-Lactoglobulin 

9.3 

8.8 

9.7 

1 

9.3 

3.1 

3.3 

3.1 j 

’ 3.2 


Table IV 


Recovery of Aspartic Acid 


Material 

Aspartic acid 
content 

Aspartic 
acia added 

Total 

Aspartic acid 
recovered 

j Recovery 


mg per 

mg per gm 

mg per gm 

mg per gm 

per cent 

Casein 

57.7 

16.7 

74.4 

73.6 

99 



66.6 

124.3 

129.7 

1 104 

Gelatin (Bacto) 


16.7 

89.2 

103.5 

116 


■■ 

66.6 

139.1 

15Q.0 

108 


Table V 
Recovery of Serine 


Material 

Serine 

content 

Serine 

added 

Total 

Serine 

recovered 

Rccovcr> 


Per gm 

mg per gm 

mg per gm. 

mg per gm 

per cent 

Casein 

59.0 

16.7 

75.7 

77.3 

102 


59.0 

41.8 

100.8 

104.3 

103 

Gelatin (Bacto) 

24.7 

16.7 

41.4 

44.7 

108 


24.7 

41.8 

66.5 

69.0 

104 


biological values of 14.5 per cent for the serine content of silk fibroin is 
reasonable when compared to 9 per cent by isolation, admittedly incomplete 
(19), and agrees fairlj' w'ell mth the 13.6 per cent of Nicolet and Shinn 
obtained with their periodate method. The latter applies also to gelatin, 
which contains 3.6 or 3 8 per cent serine by microbiological assay compared 
to 3.3 per ce 4 t found by the periodate method. 
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In a few tests on the specificity of the response of Ladohacilhis dclbriickii 
to aspartic acid, malic and fumaric acids were found to have about I per 
cent the activity of aspartic acid when assayed mth small quantities of the 
latter but were completely inactive when used alone. Succinic acid was 
inactive under both sets of conditions. Asparagine is as active as aspartic 
acid. The fact that Lactobacillics delbruckii differentiates completely be- 
tween serine and aspartic acid and the structurally closely related amino 
acids in the basal medium (see Table I) indicates a considerable degree of 
specificity of the microbiological method. The latter is supported also by 
the good agreement between the microbiological and recent chemical data. 

As stated previously, most of the experimental work was completed before 
pyridoxamine became available and its stimulatory effect on growth with 


Table VI 

Aspartic Acid and Serine Content of Proteins 


The results are in per cent, calculated for oven-dned (105“) material. 


?ioVcm 

Aspartic acid 

Senne 

By micro- 
biological 
assay 

Chemical value 
in literature 

j Bj micro* 

’ biological 
, assa> 

10 Uterilcr^ 

Casein, S. M. A. 

6.1 


6.4 

5.0 (I<) 

Gelatin, Silver Label 

5.5 

3 4 (15) 

3.6 

3.3 (Id 

ICnox 

5.7 


3.8 


Silk, fibroin^ 



14.0 

' 13 6 (IS) 

^-Lactoglobulin* 

9.3 

9.9 (16) 

' 3 2 

4.3 (11) 

Egg albumin* 

8.0 

8.1 (16) 



__ 


* We are indebted to the late Dr. Max Bergmann for the^e proteins 


serine determined. However, the serine values of the pioteum 


listed ^ 


Table VI did not change on reassay in media containing pyridovinan t 
presumably because the proteins were free of pyiiclo.vimine. 

Preliminary experiments indicate that the Lactobacilhis delbruckii me ^ 
cannot be applied to the assay of aspartic acid or serine m natural pr 
such as wheat or rye without modification because of toxicities eneoun e 
at the higher dosage levels with hydrolysates of such substances. 


SUMilARY ^ 

An accurate and specific microbiological method 
determination of aspartic acid and serine in purified 
on the quantitative response of Lactobacillus delbruckii to t osc 
acids as measured by titration of the lactic acid formed. 
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CHOLESTEROL CONVERSION TO PREGNAKRDIOL 


cholesterol. compaiison of these data \nth the deuterium concentration 
of cholesterol in the blood, it became evident that the major part of* the 
pregnanediol formed during the experimental period had arisen by degrada* 
tion of cholesterol. 


EXPERIMENTAL 

The deuterio cholesterol was prepared by exchange Rith D 2 O and deuterio 
acetic acid in the presence of active platinum (1). It contained 4.18 atom 
per cent excess deuterium. M.p. 148-149° (corrected); = -37.5° (1-5 
per cent in CHCI3). 

9 gm. of deuterio cholesterol were dissolved in hydrogenated vegetable 
oil (Nutola) and administered to a woman in the 8th month of pregnancy. 
The cholesterol was taken in 1 gm. doses three times daily” over a period of 
3 days. During this time and during the 3 following days the subject 
ate a diet otherAvise cholesterol-free in order to prevent dilution of deuterio 
cholesterol by the non-isotopic cholesterol present in normal food. Urine 
collection was started immediately after the first intake of deuterio cho* 
lesterol and was continued for 6 days. Pregnanediol-3(a),20(a) 'vas 
isolated separately from each 24 hour urine collection as sodium preg- 
nanediol glucuronidate according to Venning (3). The amounts of glu- 
curonidate obtained from 24 hour urine samples were, after two reprecipita- 
tions from water-acetone, 83, 94, 100, 60, 102, and 61 mg. One to hvo 
recrystallizations from 90 per cent ethanol yielded colorless preparations 
which had a melting point of 273-277° (uncorrected). On drying m rarwa 
at 137° the samples lost 6.2 to 7.0 per cent of their weight; calculated for 
2 H 2 O, 6.5 per cent. The anhydrous sodium pregnanediol glucuronidate is 
hygroscopic and takes up 2 moles of water when exposed to air. The 
identity of one of the samples (No. 5 in Table I) was checked by elementiiO 
anabasis. 


CjzH^iOgNa. Calculated. C 62.55, H 8.36, N’a 4.44 
Found. “ 62.94, “ 8.55, “ 4.40 

“ 62.85, “ 8.60, “ 4.24 


The deuterium analyses were carried out in most cases with the 
pregnanediol glucuronidate samples. The values, calculated for ^ 
pregnanediol, are given in Table I. ,. 

Hydrolysis of Sodium Pregnanediol Glucuronidate — 52 mg. of s 
pregnanediol glucuronidate (Sample 4) were hydrolyzed by heating «« 
a reflux in a mixture containing four parts of ethanol and one part 0 
cent hydrochloric acid. The. reaction mixture was distributed e n 
water and ether; the ether layer was washed free of acid and rou 
dryness. The residue after recrystallization from acetone-ethano 
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12 mg. of crystalline material, m.p. 235-237® (corrected), unchanged on 
admixture of an authentic sample of pregnanediol.^ It contained 0.11 
atom per cent excess deuterium in accord mth the values calculated from 
the deuterium analysis of the glucuronidates. This agreement indicates 
that in the isolated sodium pregnanediol glucuronidate only the steroid 
moiety contained deuterium. 

Although contamination of the excreted glucuronidate by deuterio cho- 
lesterol seemed unlikely, it was thought desirable to eliminate this pos- 
sibility. The combined mother liquors from the recrystallizations of the 
sodium pregnanediol glucuronidate Samples 3 to^ 6 were hydrolyzed by 
ethanolic HCl and the unsap onifiable fraction precipitated by digitonin in 
90 per cent EtOH solution. The material which was not precipitated by 


Table I 

Deuterium Concentrations in Pregnanediol-3{oc) ,20{(x) after Ingestion of Deuterio 
Cholesterol Containing J^.18 Atom Per Cent Excess 


Day of experimeat* 

Atom per cent excess deuterium 

In pregnanediolf 

In blood cholesterol 

1,2 

0.010 


3 ! 

0.100 


4 

o.iiot§ 

0.234 

5 

0.110§ 


6 

0.097 



* Deuterio cholesterol was administered during the first 3 days. Urine collection 
was continued during the 3 following days. 

t Calculated from the deuterium content of pregnanediol sodium glucuronidate. 
X Analyzed as free pregnanediol. 

§ Hicromethod. 

digitonin was dissolved in benzene and passed through a column of activated 
aluminum oxide. The fractions eluted by benzene containing 10 to 30 
per cent acetone were combined, passed again through a column of alum- 
inum oxide, and eluted by benzene-acetone 5:1. This fraction, .after 
successive recrystallizations from acetone, 70 per cent ethanol, and 
methanol, yielded 18 mg. of crystalline pregnanediol, m.p. 231-233° (cor- 
rected). It contained 0.106 atom per cent excess deuterium (micro- 
method). 

CjiHjfiOj. Calculated. C 78.68, H 11.33 
Found. “ 78.89, “ 11.26 


1 We are indebted to Dr. H. Hirschmann, Department of Medicine, Western Re- 
serve University, Cleveland, Ohio, and to Dr. M. M. Hoffman, University Clinic, 
Royal Victoria Hospital, Montreal, Canada, for supplying samples of pregnanediol. 
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Blood ChoU^iCTol — 12 hours after the last ingestion of deuterio cholesterol 
(4th day of experiment) a sample of blood was taken (12 ml,). After 
hydrolysis by alcoholic KOH cholesterol was precipitated as the digitoaide 
from the imsaponifiable fraction. The cholesterol di^toaide (120 mg.) 
contained 0.078 atom per cent Dj, whence the cholesterol must have con- 
tained 0.234 per cent. 


The author is greatly indebted to Dr, D. Rittenberg for micro deuterium 
analyses carried out by an unpublished method. 

DISCUSSION 

The isotope concentration in the excreted pregnanediol reached a maxi- 
mum value of 0.1 1 per cent on the 4th day. The cholesterol from a sample 
of blood secured 12 hours after the last cholesterol ingestion contained 
0.23 per cent Dc. In order to determine the extent of the cholesterol- 
pregnanediol conversion it is necessary to consider the maximum deuterium 
concentration attainable in pregnanediol on the assumption that it was 
derived from cholesterol as the only source. This maximuin value uill 
depend largely on two factors; the deuterium concentration of the 
sterol which served as the immediate precursor of progesterone and on the 
loss of deuterium caused by the chemical reactions which are involved in the 
conversion of cholesterol to progesterone and pregnanediol respectively 
The value of 0.23 per cent Da (calculated for carbon-bound hydrogen only 
0.24 per cent) in blood cholesterol results from dilution in the organism of 
the dietary deuterio cholesterol (4.18 per cent Da) by the normal cholesterol 
of tissues and body fluids. As the labeled cholesterol presumably reached 
the site of hormone formation primarily by way of the blood stream, it nw) 
be assumed that this value represents the isotope concentration in the 
cholesterol available for intermediary reactions. 

The degradation of cholesterol to pregnanediol uid, irrespective of the 
reaction mechanism, lead to loss of carbon-bound deuterium from ^ 
nuclear portion of the sterol molecule. During the breakdo^vn o 
cholesterol to progesterone 2 atoms of isotopic hydrogen are lost as a res 
of oxidation at carbon atoms 3 and 20. Conversion of this unsatura 
diketone to pregnanediol involves the uptake from the body fluids o 
non-isotopic hydrogen atoms, 4 in the reduction of the two ketonlc 
and 2 in the saturation of the double bond. In addition to the hv roSt^^ 
of the 3-hydroxyl group, which was of normal composition in the 
deuterio cholesterol, a total of 5 non-isotopic hydrogen atoi^ mus 
been introduced into the steroid molecule during the degradation 
Of the 36 hydrogen atoms in pregnanediol not more than 30 cim e ^ 
Hence, the deuterium concentration in the isolated pregnanedio coi 
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reached at most 83 per cent of that contained in the sterol from which 
it was formed. For the reasons cited above, the hormone precursor could 
have contained at most 0.24 per cent of its carbon-bound hydrogen as 
deuterium, the pregnanediol therefore not more than 0.20 per cent. The 
value actually found in the pregnanediol, which was excreted immediately 
before and after the blood sample had been taken, was 0.11 per cent, i,e. 
55 per cent of the theoretical maximum. 

These calculations are based on the assumption that in deuterio 
cholesterol deuterium is equally distributed over side chain and nucleus 
of the molecule. In deuterio cholesterol prepared previously under 
identical conditions, the average isotope concentration of the nuclear hydro- 
gen atoms was found to be 25 per cent less than that of the hydrogen in the 
isooctyl side chain (1). If this were the case also in the cholesterol used 
in the present experiment, then the above value of 55 per cent for the 
sterol-pregnanediol conversion would be raised to 68 per cent. 

The present result, in conjunction with our earlier finding on the in vivo 
transformation of cholesterol to cholic acid, provides experimental support 
for the hypothesis that bile acids and steroid hormones can be formed from 
cholesterol as a common precursor. This implies that the animal organism 
can carry out reactions which lead to shortening of the cholesterol side 
chain, the introduction of hydroxyl groups into the side chain and into 
the nucleus, and to epimerization of preexisting hydro.xyl groups. 
Analogous experimental demonstrations of relationships between cho- 
lesterol and hormones other than progesterone do not yet appear feasible. 

The present findings make it possible to attribute to cholesterol specific 
functions in intermediary metabolism, though the quantities of cholesterol 
apparently utilized for conversion to bile acids and steroid hormones are 
negligible as compared to those present in animal tissues. In some tissues 
such as brain and nerve which are very rich in cholesterol, this sterol appears 
to be metabolically inert; f.c., it is not regenerated at a detectable rate (4, 
2), Its function in these tissues can therefore not be associated with reac- 
tions requiring continuous breakdo\vn and replacement. 

The author wishes to thank Mr. William Saschek of this Department and 
Mr. J. Alicino, of The Squibb Institute for Medical Research, for ele- 
mentary analyses. 


SUMMARY 

1. Deuterio cholesterol containing 4.18 atom per cent excess deuterium 
was administered to a woman in the 8th month of pregnancy. From the 
urine pregnanediol-3(a), 20(a) was isolated as sodium pregnanediol glu- 
curonidate and found to contain significant concentrations of deuterium. 
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2. The isotope concentration in pregnanedioi was of the same order of 
magnitude as that of cholesterol circulating in the blood. From these 
data it can be estimated that one-half to two-thirds of the pregnanedioi 
excreted arose by degradation of cholesterol. 

3. These findings suggest that direct conversion of cholesterol to pro- 
gesterone is a normal process. 
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LACTIC ACID OXIDATION QUOTIENT IN MINCED BRAIN 
OF NORMAL AND AVITAMINOTIC CHICICEN 

Br P. E. GALVAO, J. PEREIRA, and J. PAPATERRA LEVIONGI 
(From {he Instituio BiologicO: Sao Paulo, Brazil) 

(Received for publication, October 16, 1944) 

Few data are available on the quotient of lactic acid oxidation, (lactic 
acid removed) /(lactic acid oxidized) ^ in the central nervous system. War- 
burg, Posener, and Negelein (1), working mth gray substance of rat cerebral 
slices, found a value of 4.8. Holmes and Ashford (2, 3) obtained quotients 
ranging generally between 1.4 and 5.6 in minced rabbit brain. 

The determination of the quotient of lactic acid oxidation in birds seemed 
particularly interesting because these animals show a disturbance in the 
oxidation of lactic acid in specific regions of the central nervous system 
(4-6). The first determinations in bird brain were performed by Galvao 
and Pereira (7) who measured the uptake of O 2 , both ^vith and Avithout 
the addition of lithium lactate, as well as lactate removal. In these 
investigations ground cerebrum and brain stem from normal and B^ 
avitaminotic chickens were studied. With the normal birds the quotients- 
were of the same order as those determined by Meyerhof (8) for the skeletal 
muscle. With birds showdng pronounced symptoms of Bi avitaminosis, the 
decreased oxidation of the lactic acid formerly noted for the brain stem was 
not accompanied by an impaired removal of lactate. The quotient of lactic 
acid oxidation, therefore, increased. Addition of vitamin Bi produced a 
partial restoration of the lactate oxidation, ^vitbout significant influence on 
the removal of lactate; the quotient, consequently, tended toward normal. 

In the present experiments the nerv'ous tissue employed was finely 
minced. This treatment of the nervous tissue brought about results sub- 
stantially different from those obtained vdth thoroughly ground tissue used 
in the previous experiments. 

Methods 

Adult normal and Bi antaminotic chickens were used, the avitaminotic 
birds being fed polished rice. Immediately after decapitation the cerebrum 
and brain stem were isolated and finely minced nith scissors, the tempera- 
ture of the materials used being kept at 38°. The uptake of O 2 in 2 hours 
was measured by Warburg's manometric technique as described in a pre- 
vious publication (9). Two homogeneous suspensions of the same tissue, 
each of 60 mg. of wet weight in 1 cc. of Ringer's solution, according to War- 
burg's directions, were rapidly prepared. One of these suspensions was used 
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as prepared; to the other was added a known quantity of lithium lactate 
(2 to 5 mg.)- Sometimes a third suspension was made containing, in addition 
to lactate, \dtamin Bi (betaxin, Bayer), From the extra 0- the amount 
of lactic acid oxidized was calculated, with the factor 1.34, 

The removal of the lactic acid was determined by establishing the differ- 
ence between the amount added plus the preformed lactic acid and that 
found in the vessels after the determination of the O2 uptake. The tissue 
suspensions were deproteinized b}^ the Schenck method according to 
Lehnartz’s (10) modification, and lactic acid was determined by the 
iodometric permanganate method. It was possible to increase both yield 
and precision by means of the modifications we introduced (11). Under 
such conditions the errors in the determination' of lithium lactate did not 
exceed 0.03 mg. 


EXPERIMENTAL AND DISCUSSION 

Tables I to IV show the values of O3 uptake "without addition of lactate 
(O2 basal uptake), with addition of lithium lactate (O2 uptake in lactate), 
the difference between these uptakes (extra O2 uptake), the lactic acid 
moval, and the oxidation quotient. All the data are calculated on a basis 
of 2 hours and 100 mg. of wet weight. 

Comparing the present results obtained with the finely minced nerv'oiE 
tissues \vith those previously published (7) in which thoroughly p'ounu 
tissue was used, one notices a great increase of all these values, with the 
exception of the oxidation quotient, which remains practically of the same 
magnitude. 

Cerebrum — Tables I and II show that there is no decrease of the bas^ 
uptake of O2 and of the extra O2, nor is there any significant alteration 0 
the lactate uptake and o.xidation quotient in the cerebrrm of birds mth be^ 
beri as compared with normal birds, facts already noted in the case 
ground cerebrum. 

Bram Stem — Tables III and IV summarize the results obtained from 
mal chickens and from others "with definite symptoms of , 

addition the effects of adding vitamin Bi in the presence of lactate are no ' 
Inspection of these data leads to the conclusion that in 
an alteration of basal oxygen uptake did not occur, but instead a ^ea 
inution of extra O2 was found. Not only was the lactate not 0.^ ^ 
in one instance (Chicken 5) it even produced an inhibition of 
respiration. The addition of vitamin Bi eff’ected a certain degree 0 r ^ 
tion of the O2 uptake in the presence of lactate. All these ^ 

in agreement with those we had previously reported on groun 

The result which strikes us as the most interesting, however, an 
we desire to draw particular attention, is the profound diminu 1 
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lactate removal in the brain stem of the chickens sufltering from Bj avi- 
taminosis. Chicken 5 showed a great decrease of the lactic acid removal. The 
decrease of the extra O 2 uptake was, however, even greater than the impair- 
ment in the removal of lactic acid; hence, the oxidation quotient was Wgh. 
Although a diminution of the extra O 2 uptake in the presence of lactate oc- 
curred in the previous experiments of ground brain stem, yet no such de- 
crease of lactic acid utilization was found, nor was there an improvement in 


Table I 

Minced Cerebrum {Normal Chicken); Respiration and Oxidation Quotient of Lactic 
Acid (in 8 Hours and per 100 Mg., Wet Weight) 


Chicken No. 

Os bnsal 
uptake 

O2 uptake 
in lactate 

Os extra 
uptake 

Lactic acid 
removed 

Oxidation 

quotient 


c.mm. 

c.mm. 

c.mm. 

mg. 


8 

220.1 

410.0 

189.9 

0.668 

2.6 

9 

257.7 

383.3 

125.6 

0.582 

3.5 

10 

248.6 

435.5 

186.9 

0.643 

2.6 

11 

245.0 

374.8 


1 0.551 

I 3.4 

12 

234.3 

364.0 

■m 

0.630 

, 3.7 

13 

274.4 

455.4 

1 181.0 

1 0.787 

3.3 

Average 

246.6 

i 403.8 

157.2 

0.643 

: 3.1 


Table II 

Minced Cerebrum {Bi Avitaminotic Chicken); Respiration and Oxidation Quotient of 
Lactic Acid (tn 2 Hours and per 100 Mg., Wei Weight) 


Chicken No. 

Os basal 
uptake 

Os uptake 
in lactate 

Os extra 
uptake 

Lactic acid 
removed 

Oxidation 

quotient 


1 

c.mm. 

c.mm. 1 

c.mm. 

mg. 


1 

290.3 

424.0 

133.7 

0.496 

2.8 

4 

272.6 

511.8 

239.2 

0.557 

1.7 

5 

286.4 

393.5 

107.1 

0.381 

2.7 

8 

340.4 

440.1 

99.7 

0.810 

6.0 

Average 

297.4 

442.3 

144.9 

0.561 

3.3 


the lactic acid removal on the addition of vitamin Bi, an improvement which 
tended to reduce the high oxidation quotient. These results disclose 
essential differences due to the two methods of preparation. 

It might be interesting to compare our observations with those of Meikle- 
john (12), which greatly influenced the later investigations on the mecha- 
nism of action of vitamin Bi. Using only minced cerebrum of pigeons, 
Meiklejohn suggested that the lactate removal in avitaminosis Bi and in 
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normai birds is of the same order. This result coincide 'rith that obtained 
in our previous experiments (7) in which thoroughly ground cerebrum or 

Table III 


Minced Brain Stem (Normal Chicken); Respiration and Oxididion Quotient of Lacltc 
Acid (in B Hours and per 100 Wet 


Chicken No 

Ot basal 
uptake 

O2 uptake 
m lactate 

Oi extia 
uptake 

Laftic acid 
Proved 

OndaU^ 

quoUeat 


c mm 

c mm 

e mm 

nr 


1 

m.8 

267.6 ! 

82.8 1 

(K512 i 

46 

2 

213.6 

336.0 

122.4 

(1.346 

2.1 

4 

202.8 

366.0 

163.2 

() 679 

3.1 

5 

231.6 

1 369.6 

138.0 

0.487 

26 

6 

219.6 

1 415.2 

195.6 

(h604 

23 

8 

211.6 

! 386.2 

' 174.6 

(1.683 

2.0 

9 

244.9 

' 371.9 

127.0 

(?.531 

3.1 

11 

195 0 

322.6 

127.6 

1 

[ 3 3 

Average 

213.0 

354.4 

141.4 

0.549 

! 3.0 


Table IV 

Minced Brain Stem {Bi Amtaminotic Chicken); Respiration Oxidation QuoUtTi 
of Lactic Acid, with and without Addition of 

{in 3 Hours and per 100 Mg , Wet Weiahk) ^ 


Chicken No 

Symp^ 

toms* 

Oa basal 
uptake 

Oi 

uptake 

tn 

!actate 

Oi 

uptake 

la 

lactate 
-b vita 
mm Bi 

Oi tall a 
uptake 

O 3 extra 
-f vita- 
min Bi 

Lactic 

acid 

re- 

moved 

Lactic 

acid 

removed 
with 
vitamm 
Bj added 

Quo* 

ticat 

wilhoal 

\iumia 

Bi 

tjcat 



c mm 

c mm 

c mm 

c «m 

c mm 

ms 




1 

+ 

254 6 

280 5 


25 9 






2 

+ 

■uBB] 

262 3 

276 3 

65.3 

T9 . 3 

0.3S1 


4.4 

0.0 

3 

+ 

212.7 

265 7j 


^ 53.0 

! 62.3 1 

0.357 


5.V 


4 ! 

++ 


259 3 

299 6 

1 72.3 

1 112.6 1 

0.285 


2 9 

SS 

5 

++ 

197.1 

179.3 

196 9 

-17.8 

-0.2 1 

0.3SS 

0.160 



6 ! 

+++; 

220.3 

224. 5I 


4 2 

f 

|<S!gI 




7 1 

1 ++ 

257 7 

286 3 


28.61 

0.213 


0 0 

3 6 

^ ; 

;++ 

222 5 

287 5j 

341 5 

65 0 

119.0 

0.443 

0 605 

5 5 


— 5 

Average 

218.6 

! 1 

I 25S 6j 

277.9 

37.0 

74.6 





j i ' I 1 » r slight 

« -f , contracture of Jeg8» 4*+, contracture of legs and 
or appearing onlj* on excitatioa, 4-4“+, contracture of leg^ 


strong opisthotonus ^ 

brcdn stem was employed. In our present ^te rcmota^ 

nervous tissue, houever, ue noted a great reduction of ® 


by brain stem but not by cerebrum. 
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Meiklejohn^s experiments were conducted on cerebrum; yet it is known 
"that in birds the chemical lesion of Bi avitaminosis is located predominantly 
m thq brain stem. This location of the lesion was again observed in the 
present experiments, for no difference in the extra O2 was found between 
normal and avitaminotic cerebral tissues. 

Meiklejohn, using the cerebral tissues of pigeons with Bi avitaminosis, 
found that the addition of vitamin Bi produced an increase of the O2 uptake. 
Our own experiments disclosed an increase of extra O2 in the brain stem both 
with ground and mth minced tissue in the presence of lactate and vitamin 
Bi. Moreover, in contrast nith our former experiments the present ones 
suggest an increased removal of lactate. 

No close relationship exists between the extra O2 uptake in the presence 
of lactate and the lactate removal, since the oxidation quotients are different 
in the normal and the avitaminotic brain stem. The lack of a parallelism 
between O2 uptake and lactate removal is also evident in other experi- 
ments now' in progress. 


SUT^IilARY 

Determinations were made of O2 uptake with and without lactate, lactate 
removal, and oxidation quotient of lactic acid, in finely minced cerebrum 
and brain stem of normal and Bi avitaminotic chickens. 

In the avitaminotic brain stem, a great diminution of extra O2 was accom- 
panied by a considerable though smaller reduction in lactate removal; 
consequently, the oxidation quotient tended to rise. Vitamin Bi, besides 
promoting the extra O2 uptake, also increased lactate removal. 

No differences were found between normal and Bi avitaminotic cerebrum. 
The authors emphasize the difference of behavior between thoroughly 
ground and finely minced nervous tissue. 
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III. THE LEVEL OF PYRUVIC AND LACTIC ACIDS, AND THE LACTIC- 

PYRUVIC RATIO, IN THE BLOOD OF HUMAN SUBJECTS, THE EFFECT 

OF FOOD, LIGHT MUSCULAR ACTIVITY, AND ANOXIA AT HIGH 

ALTITUDE* 

By THEODORE E. FRIEDEMANN, GLADYS E. HAUGEN, and THADDEUS 

C. KMIECIAK 

{From the Department of Physiology ^ Northwestern University Medical School and 
Passavanl Memorial Hospiialj Chicago) 

(Received for publication, August 29, 1944) 

It is now generally agreed that the metabolism of carbohydrate results 
in the production of pyruvic acid, whose further metabolism requires 
oxygen and diphosphothiamine. Lactic acid is derived by reduction, 
and large quantities are produced under anaerobic conditions. These 
metabolites accumulate (a) during increased breakdoAvn of carbohydrate, 
(5) in anoxia, and (c) in thiamine deficiency. The determinations of 
pyruvic and lactic acids are useful in studies dealing with many phases 
of carbohydrate metabolism. 

The rise of these acids under a given condition is often small and may 
be overlooked unless the results are compared with those which have been 
obtained in some standard state. It is customary, therefore, to take 
blood only from the fasting resting subject. Unfortunately, this limits 
the usefulness of the methods and prevents their application to many 
clinical and physiological problems. The performance of fasting subjects 
is often poor in certain tests, especially when they are conducted at high 
altitude (unpublished results). The basal state not only is difficult to 
attain, but may be undesirable. 

In previous papers, simple procedures were described for sampling of 
blood and the determination of pyruvic and lactic acids (1-3). In the 
present paper, we shall present data showing the effect of (a) food, (6) 
muscular activity, and (c) anoxia, the three most important factors which 
affect the concentration of pyruvic and lactic acids in the normal healthy 
subject. It will be shown that light muscular activity, even a brisk walk, 
has little effect (4-7), and the levels of the acids rise and return to the 
basal levels within 4 hours or less after a meal.^ It is evident that the 

♦ This investigation was aided by the Clara A. Abbott Fund of Northwestern 
University. 

‘ This result was anticipated on the basis of the work of Trimble and Maddock 
(8), Haggard and Greenberg (9), and others who had shown that the sugar of the 
blood is restored to the original or basal level 3 to 4 hours after a meal. 
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energy for the usual daily activities can be obtained entirely by oxidatioa 
^rithout accumulation of acids. On the basis of these data we have de- 
vised a procedure which yields minimum and constant results, and which 
can be used in the clinic and the laboratory under conditions more nearly 
approaching the physiological optimum than the fasting state. Our 
study of the third factor, anoxia at high altitude, not only provides a 
means of applying the technique to a problem of great present interest, 
but also indicates the degree of anoxia at which lactic and pyruvic acids 
begin to accumulate in the blood. 


EXPERIMENTAL 

The general procedure was as follows: The patient, or experimental 
subject, ate the usual breakfast or noon meal. He was cautioned against 
performing any strenuous work or exercise, running, walking up steps, 
and further inge.stion of food of any kind. He came to the laboratoo" 3 
hours after the meal, and sat upright in a low, cushioned easy chair \ 
hour or longer before the sample of blood was taken. 

The procedure was slightly altered if lactic acid was to be determined. 
As will be shown, the pyru\dc acid level is not affected by long rest uitb- 
'ut activity; however, the level of lactic acid may rise. If the subject 
had rested more than 30 minutes, he was asked to walk slowly about the 
laboratory for a minute or so, and then to sit down again. Blood was 
taken 5 to 10 minutes later. 

The tourniquet was lightly applied, and was released as soon as Ibe 
needle had entered the vein; the relaxed forearm was rested on the table 
or on the arm of the chair. The subject was cautioned against clenching 
the hands before or during the collection of blood. 

If an experiment required several hours for completion, the meal \vas 
eaten at 0 or 11 a.m. 

Blood was collected and measured as previously described (1). 
analyzed for pyruvic acid by the modified Lu (10) procedure of 
mamx and Haugen (2). Ethyl acetate solvent was used throug ou . 
Lactic acid was determined by the method of Shaffer (3). the de er^ 
mination of blood sugar, a separate sample was precipitated by the Somogy* 
Zn(OH )2 method (11) and anal 3 ''zed by the method of Shaffer, Hartmann, 
and Somogyi (12). 


Effect of Food 

Bueding and coworkers (13, 14) have adequately described the 
of carbohydrate on the pyruvic acid content of the venous bloo o 
subjects. To our knowledge, similar observations, together 
taneous detemiinations of lactic acid, have not been made m m 
while they are performing their daily tasks. 
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Mixed Diet — A group of ten subjects, consisting of laboratory and office 
workers, received breakfast at 8 a.m. and lunch at 12 noon. Blood was 
taken at hourly intervals throughout the day, during which the subjects 
went about their usual work. The composition of the meals, the hours 
of rest and work, and other details are given in Table I. The results 
from four subjects which are shown in Table I were typical of the types 
of response which may be expected from a mLxed diet. 

Table I 

Variation of Pyruvic arid Lactic Acid Content of Blood During Working Day 
The subjects, women laboratory workers, received breakfast and lunch in the 
laboratory. The breakfast consisted of cereal with cream, two slices of toasted 
bread, butter, two eggs, milk, and fruit. The lunch consisted of meat, vegetable, 
two slices of bread, salad with salad dressing, milk and butter. The energy content 
of the noon meal was approximately 850 calories. 


Time 



M. K 



E. G. 


G. E. H. 

J. R. 

of blood 
collec- 
tion 

Experimental conditions 

Pyruvic 

acid 

Lactic 

acid 

cd 

Pyruvic 

Pyruvic 

acid 

Lactic 

acid 

ci 

Pyruvic 

Pyruvic 

acid 

Lactic 

acid 

Pyruvic 

acid 

Lactic 

acid 

a.m. 

8 

After 15-20 min. rest 

me. 

per 

cent 

0.94 

me. 

fier 

cent 

12.2 

13.0 

mg. 

per 

cent 

0.73 

mg. 

per 

cent 

11.5 

15.8 

mg. 

per 

cent 

0.76 

mg. 

per 

cent 

12.0 

mg. 

per 

cent 

0.59 

mg. 

per 

cent 

9.0 

8.30 

Breakfast, 8.05-8.20; 

1.04 

14.3 

13 

•7 

1.16 

17.0 

1.4 

.7 

0.73 

9.8 

0.68 

12.0 

9 

rest continued to 8.30 
Laboratory work begun 

1.06 

12.7 

12.0 

1.07 

17.1 

16.0 

0.83 

10.7 

0.74 

9.9 

10 

at 8.30 

ii 

1.26 

14.3 

11 

.4 

O.SO 

11.5 

14.4 

1.07 

15.9 

0.67 

10.5 

11 

it n 

1.12 

13.6 

12 

.1 

0.61 

11.3 

18.5 

0.77 

11.7 

0.66 

10.1 

12 

Lunch 12-12.30; rest con- 

0.77 

10.1 

13 

.1 

0.57 

8.9 

15.6 

0.76 

10,1 

0.76 

11.4 

p,m. 

1 

tinued to 1 p.m. 

Laboratory work begun 

1.29 

15.8 

12.2 

|1.29 

49.0 


•7 

0.94 

14.6 

0.83 

11.1 

2 

at 1 p.m. 

it ti 

1.35 

16.3 

12 

.1 

1.03 

15.3 

14.9 

0.94 

10.9 

0.61 

S-6 

3 

it ti 

1.24 

12.0 

9.7 

1.02 

15.0 

14 

•7 

0.76 

10.5 

0.70 

10.5 

4 

it it 

0.91 

10.9 

12.0 

0.56 

1 ^ ^ 

16.3 

,0.77 

10.1 

,0.56 

7.9 

5 

it tt 1 

i 

0.91 

9.6 

10.6 

0.44 

8.1 

18.3 

0.57 

8.9 

0.76 

9.0 


Considerable variation in results is shown between individuals: (a) 
a prompt, marked rise of pyruvic acid may be obtained after each meal 
(M. K., E. G.); (6) it may be delayed (G. E. PI.); or (c) it may not be 
observed at all (J. R.). The last result is probably exceptional, since 
it was observed in only one of the ten subjects; it was not observed in 
this subject in a subsequent experiment. Such differences were noted 
also in the results from E. G., Tables I and II. 

Following the ingestion of a meal, the pyruvic and lactic acid levels of 
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the blood rose and reached a maximum in 1 to 2 hours, after which they 
rapidly declined. Low and relatively constant levels, which varied \rithia 
the limits of the fasting resting levels, were attained between the 3rd 
and 4th hours. 

The rate of rise and decline of pyruvic acid roughly paralleled the 
fluctuations of the sugar concentration (Tables 11 and III). However, 
the height of the sugar level was not necessarily related to that of pyru\dc 
acid (subject A, Table 11; E. S., Table III). 

Protein and Fat — Since protein is largely converted into dextrose and 
since it has a marked specific dynamic action on metabolism it is possible 


Table II 

Relation of Levels of Pyruvic and Lactic Acids and Sugar in Blood after Ingestion 

of Food 


Time of 
blood 

collection 1 

ExperimeoUl conditions 

Subject E. G.* 

Subject At 

Blood 

sugar 

Pynivic 

acid 



Blood 

sugar 

Pynirtc 

aud 

i 


mjf. per \ 

mr. per 

mf, per 



ai,ttr 



cent j 

cent 

cent 




12 noon 

Lunch 12. 05-12. 30 

77 

0.69 

8.5 

12.3 



1 p.m. 

Rested 12-1 p.m,; began work 

112 

1.91 

21.3 

11,1 




at 1 p.m. 







2 ** 

Laboratory or office work 

73 

0.99 

12.9 

MKHIl 

95 


3 “ 

1 t< tt it it 

66 

1 0.54 

8.0 

1 14.8 

i 82 


4 

, ti tt it it 

80 

0.72 

1 9.S 

t 13.6 

: 91 


5 

It it ti it 

78 

0.62 

: 9.2 

1 14,8 

92 

0.51 

6 “ 

ft t( <t tt 

71 


8.2 





in otic ptcviuua 

t Subject A, an office worker, complained of feeling very tired. His brealdas 
consisted of orange juice, one egg, one slice of toasted bread and butter, and coflee* 
The noon lunch, which was taken in the laboratory, consisted of a sandwich an 
two cups of coffee with sugar, 

that the rise of pyruvic acid, following a mixed meal, may be due not o^> 
to the increase of sugar metabolism, but also to the increased production 
of keto acids from amino acids. Two subjects ate 455 gm. oi roast tur ’cy 
meat. This quantity of meat contained approximately HO 
tein and 30 gm. of fat. Assuming a maximum conversion of50percefl 
of the protein into carbohydrate, the total jdeld of dextrose 
Folio\ving ingestion of meat, the pyruvic acid level rose 
III), indicating that ingestion of protein may lead to an increase of ® j 
Fat, on the other hand, did not apparently affect the pyTUvdc aci > 
even when a large quantity was ingested (Table III). 
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Effect of Muscular Activity 

Normal Activities Versus Rest — Results from three groups of subjects 
are shown in Tables IV and V. Group I consisted of laboratory and 

Table III 

Effect of High Protein or High Fat Diet on Pyruvic Acid of Blood 
The conditions with respect to work and rest were the same as shown in Table I, 
except that the subjects, four women laboratory workers, ate isocaloric quantities 
of meat or butter. They rested from 12 noon to 1 p.m., after which they continued 
with their work. The results are e.xpressed as mg. per cent. 


ColiectioQ 
of blood 
sasaples 

Meat of turkey, 850 calories 


Butter, 850 calories 


E. 

s. 

1 G. E. H 1 

B.B. 

E. 

B. 

Pyruvic 

acid 

Sugar 

Pyruvic 

acid 

Sugar 

Pyruvic 

acid 

Sugar 

Pyruvic 

acid 

Sugar 

a.m. 

11.30 

m 

80 

0.72 

76 



m 

80 

12 


79 

0.70 

73 

0.68 



80 

p m. 

1 

0.76 

88 

0.84 

75 

0.68 

68 

H 

81 

2 

0.96 

90 

0.80 

81 

0.70 

75 


79 

3 

0.86 

83 

0.71 

81 

0.76 

78 

■a 

85 

4 

0.94 

76 

■SB 

75 

0.72 

73 

0.70 

85 

5 

1.00 

83 


79 

0.75 

74 

! 0.83 

82 

6 

0.80 

83 

\ 0.78 

82 

0.70 

70 

0.80 

85 


Table IV 

Effect of Rest and Light Activity on Pyruvic Acid Level of Blood 
Ethyl acetate solvent and Filter 520 were used. Samples were taken 3 to 5 
hrs. after breakfast or the noon meal. The results are given in mg. per cent. 



Group 1 Usual activities 
of laboratory or office 
work 

Group 11. After 0 5 hr. or 
xDore of rest id laboratory; 
DO strenuous activities 

2-4 hrs before coming 
to laboratory 

No. of subjects .... 

29 

14 

“ ** samples . 

48 

33 

Pyruvic acid, maximum variation 

0,44-0,93 

. 0.60-0.95 

** ** arithmetic mean 

0.74* 

0.77 


• If all data from subjects E. G. and A (Tables I and II) are excluded, the maxi- 
mum variations are from 0 54 to 0.93 and the arithmetic mean is 0.76. 


office workers who were carrying out their usual daily activities. Group 
II consisted of laboratory workers and medical students. The subjects 
of the latter group had no strenuous activities before they came to the 
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laboratory. They rested 1 hour before the blood was drawn. Group 
III consisted of hospital patients, resting in bed. In every instance the 
blood was taken from 3 to 5 hours after the morning or noon meal. 

The maximum variation of results Is greater in Group I than that in 
Group II, and the average is slightly lower in Group L However, if all 
data from subjects E. G. and A. of Group I (two from Table I and two 
from Table II) are excluded,^ then the results fail within the limits O.o4 
to 0.93, and the arithmetic mean is 0.76. The variations in Group If fall 
within the same range, 0.60 to 0.95, and the mean of all determinations is 
0.77. It would seem, therefore, that the pyruvic acid level of the blood 
is not apparently increased after moderate activit3^ 

Tabi.b V 

Effect oj Rest and Light Activity on Lactic-Pyruvic Acid Ratio 
Groups I and II were the same as given in Table IV, Group III consisted of 
hospital patients who had rested from 1.5 to 4 hours in bed before samples were 
taken. This group includes only those patients whose pyruvic acid levels were 
within the range 0.60 to 0.95 mg, per cent. 



Group I. 10 subjects 

Group 11. 14 subjects 

' Craup 111 - 
patients lams » ^ 
16 jubjffU 


variation 

Arithmetic 

mean* 

Maiimtim 

variation 

Arithmetic 

mean* 

.Majimum \ 
variation 

AntiarU 

I8f«* 

AU results; samples tak- j 
en hourly throughout j 
the day | 

9.7-20.8 i 

13.5 



9.6-20.0 

13.4 

3“5 hrs, after breakfast 
or noon meal i 

9.7-20.0 ! 

i 

i 

13.2 

S. 4-14.1 

11. 3t 


* This is the arithmetic mean of the averages of all results from each subject' 

t The averages of ratios obtained at variou.s times from each of the 
subjects were 12.8, 10.3, 10.8, 10.0, 12.2, 13.0, 12.8, 12.4, 12.9, 10.3, 12.0, 12.2, 1-^ 
10 . 0 . 

The magnitude and range of the ratio of lactic to pymvic acid dunCp 
work throughout the day are indicated in Tables I and II. Ooly 1 ^ 
series of calculated i*atios are shown; they are fairl}^ representative o * 
entire group. The ratio is by no means constant throughout the 
The fluctuation from the mean is as great during the first 3 hours a 
meal as in the subsequent hours. The ratio, therefore, is not ' 

affected by the usual rise and fail in the level of pyruvic acid fo o" 
Ingestion of food. . 

However, the range and magnitude of the lactic-pyruvic acid r 

^ Subjects E. G. and A were the only subjects of forty 'three studied ttho> 
attained unusually low levels of pyruvic acid. 
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affected by activity (Table V). Thus, the results varied from 9.7 to 20,0 
mg. per cent in Gioup I, and from 8.4 to 14.1 in Group II. The aveiage 
in Group I was 13.2, as compared with 11.3 in Gioup JI. Long rest in 
bed also appears to affect the latio; in Group III, which consisted of six- 
teen hospital patients, the maximum range and aiithmetic mean were 
almost identical with those of Group I. Since the uingc of the pyruvic 
acid level (see Tables IV and V) is the same in all groups, it is evident 
that the pyruvic acid level is not as readily affected as the level of lactic 
acid. 


Table VI 

Effect of Walking or Running Distance of 1 Mile 
July 29, 1941. The subject, J. H., ate breakfast at 6 a m 


Tunc 

ajn 

Comment 

Time 
required 
for wa,lk 
or run of 

1 mile 

Time of 
sampling 
after 
exercise 

Lactic 

acid 

Pyruvic 

acid 

Lactic 

Pyruvic 

hrs 

mm 


min 

see 

mtn 

ICC 

mg Per 
cent 

mg per 
cent 1 


9 

30 

Sample taken m laboratory 





10 9 

0 83 1 

13.0 



after 0 5 hr of rest 








9 

50 

Left the laboratory 








9 

58 

Arrived at track after walk- 






i 




ing about 200 yards 






i 


10 

3 

Sample after 5 mm rest 



5 


11 5 

0 81 

14.2 

10 

5 

Began walking 1 mile slowly, 
rate 2 83 m p h. 

Rested 10 min 

21 

10 , 

5 


10 7 

0 72 

14 9 

10 

37 

Began walking 1 mile rapid- 
ly, rate 4 04 m p h. 

Rested 29 min. 

14 

52 

5 

50 

10 2 

0 83 

12.3 

11 

21 

Began jogging 1 mile, rate 
6.48 m p.h. 

Rested 10 min 

9 

15 

5 

4 

38 7 

2 40 

16 1 

11 

40 

Began running 1 mile; rate 

6 

49 

6 

2 

139.5 

4.98 

28 0 



j 8 80 m.p h. 









Moderate Muscular Work — Owles (5) and Dill and coworkers (6, 7) 
have shown that model ate muscular work, such as a brisk walk, does not 
materially increase the level of lactic acid in the blood. Does it affect 
the pyiuvic acid level? 

The effect of talking a distance of 1 mile is shown in Table VI. The 
subject, an athlete, had been in training more than 2 months, running 
a distance of at least 4 miles each day. The tests were carried out on a 
hot, humid morning m July. As can be seen, a brisk walk at the rate of 
4.04 miles per hour did not perceptibly increase either the lactic or pyruvic 
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acid content, despite the fact that the subject perspired profusely. There 
was, in fact, a slight decrease in the lactic acid content of the blood after 
exercise. Such results have been observed in other experiments. Similar 
results were obtained by Owles (5). 

At the same time after a walk of 1 mile at the rate of 3.93 miles per 
hour, the blood of subject A contained 0.86 and 10.7 mg. per cent of pyruvic 
and lactic acids, respectively. The blood before exercise contained 0.77 
mg. per cent of pyruvic acid, and 10.4 mg. per cent of lactic acid. The 
lactic-pyruvic acid ratios before and after the walk were 13.6 and 12.5. 
Subject A, an office worker about 45 years of age, seldom exercised or 
indulged in sports. 

Climbing stairs is considered a somewhat more strenuous form of exer- 
cise than walking. Subjects climbed two to three flights of steps at the 
rate of about one step per second. The height to which they climbed was 
calculated according to their weight. The total work was about 650 
kilogram-meters, which was accomplished in about 1 minute. The sub- 
jects then descended the steps at the rate of one step per second. The 
following typical results represent the pyruvic acid levels before and 7 
minutes after the exercise: Mrs. C., 0.67, 0.85; Mrs. H., 0.82, 1.07; Mr. L, 
0.79, 1.10; Mr. T., 0.75, 0.92. 

Greater differences were observed after performance of approximate!) 
the same work by two elderly overweight women (Table VII). Their 
dietary history indicated a daily intake of less than 500 y of thiamine over 
a period of several months prior to admission to the hospital. Iheir 
clinical signs and symptoms indicated a vitamin B complex dencienc). 
On admission they were given a reducing diet which was deficient to 
vitamin B complex and which contained from 350 to 500 y of thiamine 
per day. The first test was made during the 1st week, the second I * 
lateK As can be seen in Table VII, the resting pyruvic acid levels 
within the normal range. The rise of pyruvic acid in the blood of « cj* * 
after administration of dextrose ((2), Table XIV) was quite no 
the thiamine tolerance was within the lower limit of normal. 

Is the marked rise of pyruvic acid after work due to the 
ficiency, or does it reflect a low degree of physical fitness? The c i 
observations favor the first view. However, the laboratory 
usually are regarded as reliable, were negative. To be noted is 
increased level of pyruvic acid after the second test. Docs tiis ^ 
an increasing state of deficiency? If so, then tests which put s 
the organism, such as a work test, should prov^e more (he 

tecting incipient deficiency than the determination 
resting condition or after the ingestion of carbohydrate. 
however, that the r&sults reflect a low degree of ph3^sical tnca*. 
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subjects took little exercise, perhaps less than at home. Furthermore, 
they were losing weight. 

These experiments indicate the difficulties which may be encountered 
when ^vork tests are applied to patients who are receiving inadequate 
diets. Several tests for thiamine deficiency, involving work, have been 
proposed (15-17). The amount of work to be done in such tests has not 
been adequately defined. It is doubtful whether it can be defined, since 
the reaction toward a given task is so greatly affected by the individual's 
physical state. This makes the interpretation of results difficult, and, 
therefore, limits the usefulness of work tests. 


Table VII 

S^ect of Light Exercise; Hospital Patients 


Subject 

Experimental conditions 

Time of 
sampling 
after 
exercise 

pyruvic 

acid 

Lactic 

acid 

Lactic acid 
P3Tuvic acid 

Mrs. McV. 1 

4 hrs. of bed rest after 

min. 

Before 

mg. per 
cent 

1.08 , 

mg. per 
cent 

13.3 

12.3 

tt 

ft 

breakfast 

Climbed 2 flights of steps 

8.0 

1.70 

21.5 

12:6 

it 

tt 

4 hrs. of bed rest after 

Before 

0.88 j 

13.5 i 

15.3 

tt 

ft 

breakfast* 

Climbed 2 flights of steps 

7.0 

2.11 

28.3 

13.4 

R. 

4 hrs. of bed rest after 

Before 

0.71 

14.2 

20.0 

tt ft 

breakfast 

Climbed 2 flights of steps 

1 

7.0 

1 

1.48 

^ 26.4 

^ 17.8 

tt tt 

4 hrs. of bed rest after 

Before 

0.85 

15.0 

’ 17.7 

It tt 

breakfast* 

Climbed 2 flights of steps 

7.0 

1.68 

26.4 

15.7 


* The second test was made 1 week later. 


The high initial resting ratio of lactic to pyruvic acid should be noted 
(Table VII). Such results are observed when some subjects have rested 
a long period of time. This trend can be seen in the results from the 
selected group of sixteen patients sho^m in Table V. In such cases, the 
ratio was usually decreased by mild exercise. A similar trend toward 
lower lactic-pyruvic acid ratios was noted in subjects J. H. (Table VI) 
and A. 

Effect of Simulated High Altitude^ 

' The experiments were carried out in art insulated low pressure chamber 
of 460 cu. ft. capacity. An average temperature of 21.1° was maintained 

* The facilities for this work were kindly placed at our disposal by Dr. Andrew C, 
Ivy, to whom we are further indebted for many helpful suggestions. The effect of 
anoxia at high altitude will be discussed at length in a later paper. 
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by a thermostatically controlled cooling system. Vibrations and noises 
were eliminated by appropriate damping devices. Eeduction of pressure 
and return to the noimal atmospheric pressure were at a rate correspond- 
ing to an ascent or descent of 1000 feet per minute, O.vygen was ad- 
ministered by means of a face mask pro^uded ndth a rubber rebreathing 
bag, from which the oxygen was obtained. 

Results of four experiments with one subject are given (Tables Vllf 
to X) in order to show the variations in response to the same or new 
conditions in succeeding experiments. This subject appeared to be 

Table VIII 

of ISfiOO Feet of AHitude, with Short Exposures at Lower Levels; All wtihoul 

Oxygen 

Subject D. W.; medical student, age 23 years. 


Altitude 

Experiment I, Dec. 1 

J^xperiment 2, Dec, 

w 

Time 

Lactic 

Pyruvic 

Lactic 

Time 

Lactic 

P>ruvic 

Lactic 


acid 

acid 

Pyruvic 

acid 

acid 

P>runc 



ms- per 
tent 

tng. Per 
cent 



mg. per 

mg. per 
ten( 


Ground level 





3.50 

8.6 

0.75 

n.5 

(f it 

4.15 

8,8 

0.71 

12.4 

4.00 

s.o 

0.76 

10 5 

10 min. at 10,000 ft. 

4.35 

9.8 

0.77 

12.7 

4.20 


0.74 

lO.S 

10 “ 15,000 

4.50 

9.S 

0.71 

13.8 

i.35* 

8.2 

0.7C 

10 18,000 

6 051 

12.7 

0.82 

15.5 

4.50t 

11.9 

0.71 

16.8 

20 min. at 18,000 ft. 

5.15 

12.8 

1 0.84 

15.2 

5.00 1 

13,5 

0.71 

13.0 

30 18,000 

5.25 

12 3 

! 0.77 

16.0 

5.10 

13.4 

0.S5 

15.S 

10 " 10,000 

5.45§ 

9.4 

' 0.68 

13.8 

5.30S 

10.3 

0,S2 

.12.5 

20 10,000 

5.55 

9 6 

■ 0.67 

14.3 

5.40 

12.0 

O.SO 

15.0 

5 “ “ ground level 

6-10 

9.8 

0.67 ! 

14.6 

5.55 

10.3 

0.81 

12.3 

15 ** ** “ 

6.20 

9.7 

0.68 j 

14.3 

1 

6.05 

1 

10.0 

0.S3 

12.1 


* Headache; slight cyanosis, 
t Headache; markedly cyanotic, 
t Marked cyanosis. 

§ Cyanosis has disappeared, 
j) Cyanosis disappearing, 

considerably more resistant to the effects of anoxia tl^an other 
used in similar experiments. Although severely affected in one o 
experiments (see Table IX), his condition never resembled that of s 
On administration of oxygen his recovery was immediate and 
after effects. This ma}'” account for the relatively normal ratios o ac 
to pyruvic acid at 20,000 feet in Experiment 3 (Table JX) and t 
return of the ratio to noimai after administration of oxyg^?n. 
account also for the relatively low ratio attained at high altitnc e i 
other e-xpcriments. 
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Another featuie of these lesults is the apparent constancy of the pyiuvic 
acid concentiation in the blood at lest 4 houis or moie after a meal, as 
deteimined in successive experiments. Thus, the initial concentrations 
at ground level nere 0.71 mg. per cent, Experiment 1; 0.75, 0.76 mg. per 
cent, Experiment 2; 0.72 mg. per cent, Experiment 3; 0.66, 0.72 mg. 
per cent, Rxpeiiment 4. 

These experiments show that the level of lactic acid is increased at 
high altitude. This is due to the anoxia, and not to altitude per se, since 
the rise of lactic acid is pi evented b}' the administiation of oxygen (Table 

T^ble IX 

Effect of 22j000 Feet of AUtiude without Oxygen, Followed by Oxygen to the Ground 

Level 

Subject D W , Experiment 3, April 25. At about 5 10 pm. the subject^s at- 
tention was poor, but he apparently understood commands when repeated several 
times. He could not WTite and the sensation of pain was dulled. He had no mem- 
ory of events from this time until after the oxygen mask w’as applied. 


Altitude 

Time 

Oi> gen 


■HU 





H 

Pyruvic acid 

Jl 

p m 

p m 


mg per 
cent 

mg per 
cent 

■1 

Ground level 


3 55 

Xone 

7 9 

■flW 

BEI 


4 19 

4 29 

it 

S 4 


Bo 


4 31 

4 41 

it 

9 7 

mmt 

I3l 



4 51 

it 

10 7 


B9 


4 53 

5 <53 

a 

12 4 

1 03 

mBBm 


5 06 

5 16 


16.1 

1 04 

warn 



5 23* 

t i 

16 2 

1 09 

mSSm 


1 

' 5 36 

Oxygen 

13 5 

1 21 

B9 


5 43 1 

5 53 « 

a 

10 4 

0 96 

HH 

Ground level 

6 09t 

6 19 1 

Xone 

9 1 

0 76 

masM 

< ( it 


6 29 1 

** 

9 6 

0 73 

13 1 


* Oxygen was given immediately after this sample was taken 
t Oxygen was discontinued at this time. 


X). On removing the ox^-gen mask at high altitude, the level of lactic 
acid was in most instances inci eased before any change was noted in the 
level of pyruvic acid. Thus, at a simulated altitude of 23,000 feet (Table 
X), 9 minutes after removing the mask, the lactic acid concentration 
lose from 8 3 to 10.7 mg. per cent, while the pyruvic acid concentration 
remained unalteied wuthin the limits of enor of the method. The rise 
of lactic acid was small; it was so small that it would othei-wise be entirely 
overlooked, unless a procedure, such as w as used here, w ith control periods 
at the beginning and end, w'as used. The rise occurred only at high 
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““ ir s "■“ « ^ 

acid was seen after 10 minutes at 18 

ever, fhe conceniraiwnoTLf ^ ^ LX). How- 

acids is shown in Jd f and pyruvic 

tion of o.xygen (Table IX) tha i i « “Liates after adniiaisira- 
level of acS hid i 

pyruvic acid had zncreased, resulting in a normal ratio. Again, 

Etjr y- Table X 

#« ./*<,«» ^ 

« . . _ (o Ground LpajaT ^ 


Altitude 


//. 


23,000 

23,000 

23,000 

23,000 

23.000 

24.000 

24,000 

24,000 

24,000 

Ground level 


Time 1 

Arrived at 
altitude 

Sample 

takca 

Ars, 

mtn. 

1 Arj. 

min. 



10 

8 



10 

20 

10 

55 

11 

5 



11 

15 



11 

26 



11 

36 



11 

47 

11 

58 

12 

8 

I 


12 

19 



12 

29 



12 

44 

12 

58 

1 

9 

' 

1 

1 

20 


OjQfgcn 


AfX, 


On 10 35 


Off n 27 


On 12 14 


Off at 12 58 


Lactic 

acid 

P>TUVic 

acid 

tacdcidJ 

F>nitktci(l 

w/. 

cent 

1 w/. 

»»/ 


9.1 

0.66 

13.3 

8.2 

0.72 

11.4 

8.3 

0.70 

11.9 

9.6 

0.76 

1 12.6 

8.3 

O.SO 

10.4 

10.7 

0.83 

219 

; 12.3 

0,90 j 

JS.7 

15.0 

1.07 

14.0 

18.0 

1.22 

IIS 

! 13.2 1 

1.07 ' 

12.3 

12.5 1 

0.9S 

12.S 

10. i 

0.71 

13.6 

14.1 

0.73 

19.3 


concenfcraflnn^^^f^r pyruvic acid (Table X) the 

vL I?n m of ano.xia at high allitvde 

“g- per cent 15 minutes after o^yge> 

in th V ratio in the first period without o.xygen was IW. 

in the second with oxygen, 12.3. 

DJSCUSSIOX 

The concentration of pyruvic acid in the blood of resting sufajccti h 
relatively httle affected by fight physical exertion, by long rest in beJ, 
or by snort exposures to simuJated altitudes up to lo,000 feet, 
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these conditions, 3 to 5 hours after a meal, the concentration of pyruvic 
acid in the blood of forty-three normal healthy subjects varied from 0.54 
to 0.96, with an average of 0.77 mg. per cent. These results are slightly 
lower than those given by other workers, although the maximum range is 
appro.ximately the same. Thus, Kato and Li (18) consider a range of 
0.60 to 1.0 mg. per cent as normal for infants and children. The latter 
determinations were made early in the morning, presumably before the 
cliildren had ingested food. Blood was received into tared vessels which 
contained a measured volume of 10 per cent solution of trichloroacetic 
acid. 

Wortis, Goodhart, and Bueding (19) noted that the level of pyruvic acid 
in children was the same as that in adults. Thus the blood of thirty-five 
children contained from 0.71 to 1.21 with an average of 0,96 mg. per 
cent, and that of 60 adults, from 0.77 to 1.16, with an average of 0.98 mg. 
per cent. Their samples were obtained from fasting subjects at rest in 
bed, the samples being stabilized with fluoride and iodoacetate. As 
shown in a previous paper (1), blood which is stabilized by means of 
iodoacetate yields slightly higher results than the freshly drawn untreated 
samples. The differences vary from 0.05 to 0.20 mg. per cent and are 
not due to loss of pyruvic acid in the untreated blood, since the concen- 
tration in the untreated blood does not change w'ithin 3 minutes after 
collection. If a correction of 0.10 is applied to the data of Wortis, Good- 
hart, and Bueding, then their results from adults vary from 0.67 to 1.06, 
the average being 0.88 mg. per cent. By using the methods of Bueding 
and coworkers, Klein (20) observed a mean concentration of 0.76 ± 0.173 
(mean deviation) mg. of pyrmdc acid in the blood of twenty-four noimal 
subjects under basal conditions. Our data, therefore, are in substantial 
agreement with those which have been obtained under basal conditions. 

On the other hand, the resting, or basal level of lactic acid and its rela- 
tion to pyruvic acid are not so readily stated, since they are affected by con- 
ditions which tend to produce tissue anoxia. In the opinion of Stotz 
and Bessey (16), the relation of lactate to pymvate is constant under a 
wide variety of conditions, the ratio being 12.2 of lactate to 1 of pyruvate. 
We have never observed such a fixed relation. Under the prescribed 
conditions, the ratios varied from 8.4 to 14.1, with an average of 11.3. 
The average concentration of lactic acid was 8.7 mg. per cent. Bueding 
and Goldfarb (21) noted an average of 7.0 mg. per cent of lactic acid in 
the blood of fasting subjects at rest in bed, the samples ha\'ing been col- 
lected without stasis and stabilized by means of fluoride and iodoacetate. 

Since the principal concern of this paper is in technique, we shall dis- 
cuss briefly some possible applications of the lactic-pyl'^l^’ic acid ratio. 
In 1941, Friedemann and Barborka (22) called attention to the use of 
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this ratio as a means of determining the relative oxidafcive conditions 
in the body. In a later paper the use of the jd-hydroxybutyrate-aceto- 
acetate ratio was suggested (23). This was based (a) on theoretical 
considerations, (b) on data obtained after strenuous muscular exercise, 
and (c) on the results which were presented in this paper. All tissues, 
as far as is known, contain lactate oxidase and diphosphopyridine nucleo- 
tide, both of which are necessary in attainment of the equilibrium between 
lactate and pyinivate.^ The analysis of blood coming from a small area 
of tissue should, therefore, yield differences in the ratio in accordance \nth 
the supply of oxygen, provided that (a) approximate equilibrium is ob- 
tained between blood and tissue, (6) the two forms diffuse out of the tissue 
at the same rate, and, most important of all, provided that (c) the ratio 
is not changed rapidly in the blood. Both ions diffuse rapidly, since the 
concentration of both acids reaches the maximum nithin a few minutes 
after severe exercise (22) and since the maximum conversion of one add 
into the other is obtained within 10 to 15 minutes after parenteral ad- 
ministration (14). Friedemanii and Haugen (1) have shoTO that the 
concentration of lactic and pyruvic acids is not changed perceptibly m 
blood within 3 minutes after collection. Therefore, insofar as points 
(b) and (c) are concerned, the ratio of the acids in the blood probably 
approximates that in the tissue. The most serious objection to our use 
of the lactic-pyruvic acid ratio as an indicator of the oxidative state m 
tissues is the fact that we have analysed blood from the arm veins. The 
concentration of substances in blood from the arm veins is the result o 
changes not only in the hand and forearm but also to some extent in other 
tissues. Since this was used throughout the study, che result shou 
reflect the effect of various conditions not only upon the equilibna m 
the tissues of the arm, but also elsew’here in the body. The two acids onJ 
constantly being produced by tissues, some producing more than omers, 
and some retaining the acids and storing them as glycogen (25). u ^ 
ever, the ratio of the two acids in venous blood from the various fjssuca 
should be approximately the same, since ail contain the necessary 
for establishing the equilibrium and since the blood supply to 
organs is usually sufBcient for normal function. It is possible, ^ 
that the ratio of lactate to pyruvate is approximately the same in a 
of the normal resting subject, although the rate of production and remo 
of the adds may differ greatly in the various tissues. (jemoa' 

Whether or not one may agree with these conclusions, our resu . 
strate that the oxidative condition in the body as ^ ^nstaccy 
by the lactate-pyruvate ratio, is regulated with considerable co 

* For a discussion of the mechanism of the reaction and the pertinent Hte 
see the review by Barron (24). 
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within a wide range of activity of the normal subject. Thus, the ratio 
is not materially altered in the same subject whether he is resting or 
performing light muscular exercise, such as walking (see Table YI). 

That the determination of the ratio may be of value in problems dealing 
with circulatory insufficiency or failure and anoxia at high altitude is 
indicated by the results which were presented in this paper: (a) the ratio 
as well as the absolute concentration of pyruvate and lactate is unchanged 
at high altitude when subjects breathe oxygen; (6) the ratio is increased 
at simulated altitudes above 15,000 feet, and (c) is rapidly brought within 
the normal range on administration of oxygen or by return to an altitude 
of 10,000 feet; (d) the ratio in some subjects may be increased by long 
inactivity, and (e) if elevated, it may be decreased by mild muscular 
exercise. Since the anoxia at high altitude is general throughout the 
tissues, our data indicate the degree of anoxia which is necessary to bring 
about a perceptible change in the ratio. Point (d) indicates that at times 
the degree of anoxia due to local stagnation of blood is as great as that 
which is obtained at high altitudes; point (c) indicates the beneficial 
effect of activity, which has long been recognized. 

The older literature concerning the effect of high altitude contains 
many references to * ^acidosis” which is attributed to the accumulation of 
large quantities of lactic acid in the blood. These statements are based 
upon measurements of alveolar CO 2 tension and determinations of lactic 
acid, the latter by relatively crude methods.^ However, by using more 
precise methods, Edwards (28) found that the fasting resting level of 
lactic acid was not increased in acclimated subjects. Our data beyond 
question demonstrate not only that the lactic acid level but also the 
pyruvic acid level is increased in unacclimated subjects. The changes are 
small at low altitudes, and, without the use of control periods at the 
beginning and end of the experiments, ma}’’ well be overlooked. They 
occur in two stages: (a) a slight increase of lactic acid, without change of 
pyruvate, which is noted at altitudes of 15,000 to 18,000 feet, and (6) a 
marked increase of both acids at altitudes above 18,000 feet. It should 
be noted that the first change occurs at the range of altitudes at which 
the physical and mental performance of human subjects is progressively 
decreased (26, 27). The second series of changes occurs at altitudes at 
which most subjects soon lose consciousness. The often dramatic effect 
of anoxia is attributed to functional impairment of the nervous system. 
Our results indicate that the anoxia at altitudes greater than 18,000 feet 
depresses the oxidative processes in other tissues throughout the body to 
such an extent that the rate of metabolism of p 3 Taivic acid no longer keeps 

5 For a review of the literature, see the monographs by Armstrong (26) and Van 
Liere (27). 
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lactic acids in the bbod Thp^^r “““^t^ation of pyruric and 
levels of the acids most ’in conditions probably affect the 
On the basis of these experiments\n°™!! ^^^^equately nourished subject, 
avhich should be useful in u ’ - 

where it may be imnn'sJKi ^ ^ ogJcal experiments and in the clinic 
subjects under basal MnditSn^!* undesirable, to take blood from 

labmaton^'^^ftel-^t^S^T " received breakfast and lunch in the 

centration’of both a^S 

hours after the meal - It "t^* “creased and reached the maximum I to 2 
The level rose shVbtl’ ^ original level within 3 tod houre. 

no effect was norpd ^ft “Sc^rion of meat equivalent to 830 calories; 
Forty-eight samnle w un isocaloric quantity of butter. 

xvhich were taken 3 t cent of p3Taivic acid. Thirty-three samples, 

avith an average of n ^ ^ ^ ‘=°“‘'^“ed from 0.60 to 0.95, 

of office or labontn - Py^uvic acid. The usual activities 

tion of the m-ni • ^ ^^c^efore, did not lead to a measurable eleva- 

the same linf f ^iczd content of the blood. The results were witliis 

ing subjects * ^ obtained by other investigators from fasting rest- 

thSrirrnT^'"'' us a brisk walk, did not measurably atfeci 

Stv can ^ ^^^unt that the eneigy for such 

either nvn ' ^ ° i entirely by o.xidation, vithout accumulation of 

either pyruvic or lactic acid in the blood. 

siihippfo''K^A*^r of both acids was increased slightly alter 

ZliT cbmbed steps; the work was equivalent to 650 kilograin- 

nhf? performed in 1 minute. Greater differences were 

obtained after the same work by two elderly overweight women who were 
r^mvi^ a re ucing diet which was deficient with respect to vitamins 
comp ax. The application of work tests as a means of detecting 
tmamine deficjency was discussed briefly. 

The of the lactic-pyruvic acid ratio as a means of detecting 
effect of anaxia was discussed. The oxidative conditions in the body ss 
A whole, as judged by the ratio, are regulated with considerable constaccy 



FRIEDERIANX, HAUGEN, AND KMIECIAK 


689 


witlxin a wide range of activity of the normal subject. The ratio may be 
increased as the result of long inactivity; if elevated, it msiy be decreased 
by light muscular exercise. 

Results from four experiments with one subject at simulated altitudes 
up to 24,000 feet were presented in order to demonstrate the application 
of the technique to a problem of great present interest, (a) The lactic 
acid content of the blood was increased shghtly at altitudes of 15,000 to 
18,000 feet, the pyruvic acid content remaining unchanged; (h) the 
levels of both acids were increased at altitudes above 18,000 feet. These 
changes were prevented by breathing oxygen; when the levels were ele- 
vated due to the anoxia, they were rapidly reduced to Avithin the “normal” 
limits by breathing oxygen or by return of the subjects to a simulated 
altitude of 10,000 feet. 
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A NOTE ON THE PREPARATION OF CARDIOLIPIN 
By MARY C. PANGBORN 

•(P Tom the Division of Laboratories and Research, New York State Department of Health, 

Albany) 

(Received for publication, November 6, 1944) 

Recently an improved method for the preparation of cardiolipin was 
described^ which employed precipitation Avith BaCh from methanol 
extracts of beef heart and subsequent treatment 'with NaCl to convert 
barium salts to sodium salts. It was reported that there was little loss 
of cardiolipin into the fraction insoluble in methanol which consisted largely 
of unchanged barium salts. This statement requires modification in the 
light of later experience. 

The use of NaCl for the decomposition of the crude barium salts was 
based on its uniformly successful use 'with pure or nearly pure salts of 
cardiolipin. In relatively small scale preparations (five hearts), this 
method was successfully applied to the recovery of cardiolipin from crude 
mixtures. In later preparations on a larger scale, however, it proved dif- 
ficult to obtain consistently good yields. In the presence of large amounts 
of impurities such as are found in the original crude barium precipitate, 
the NaCl method appears to be insufficient for the complete recovery of 
-cardiolipin and should be replaced or supplemented by the use of Na 2 SO<, 
as illustrated by the foUo'wing tyTpical experiment. 

The crude barium precipitate from the first methanol extract of 13 kilos 
of tissue (wet weight) was fractionated as previously described^ after treat- 
ment with NaCl. The fraction insoluble in methanol was collected by 
centrifugation and the bulky precipitate stirred up in the centrifuge cup 
with twice its volume of ether and about 40 ml. of 5 per cent NajSO*. The 
precipitate gradually dissolved in the ether layer while BaS 04 separated 
and was removed by centrifugation. The ether layer was transferred to a 
separatory funnel and shaken vigorously 'with three successive portions of 
5 per cent Na 2 S 04 . It was noticeable that the ether layer persistently 
retained BaS 04 and insoluble organic impurities in a colloidal state. In 
order to obtain a clear ethereal solution it was necessary to add alcohol, 
2 or 3 ml. at a time, until the insoluble matter flocculated and could be 
centrifuged out. The ethereal solution was then dried on Na2S04i filtered, 
concentrated, and poured into methanol*, the precipitate which separated 
was thoroughly washed wth methanol and discarded. The methanol 
solution, containing 10.5 gm. of material, was precipitated with 20 per cent 

^ Pangborn, M. C., J. Biol, Chem., 163, 343 (1944). 
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aqueous BaClj. The precipitate was washed successively ^vith methanol 
and acetone and reprecipitated several times from ether by an equal volume 
of acetone-^ It formed gelatinous solutions in ether, characteristic of 
cardiolipin. The purified barium salt was converted to the sodium salt 
by shaking with half saturated NaCl and yielded 6.4 gm. of sodium cardio- 
lipin. 

In a similar experiment with another lot of tissue, only a small yield of 
barium cardiolipin was obtained, most of the barium salt being soluble in 
equal parts of ether and acetone. The ether-acetone solution was concen- 
trated by distillation imtil most of the ether was removed, then chilled 
in ice. A gummy precipitate separated. Tins was dissolved in ether and 
decomposed with 5 per cent Na 2 S 04 as described above. The ethereal 
solution was dried, filtered, concentrated, and poured into absolute alcohol. 
The precipitate was treated with several portions of methanol, and a small 
insoluble residue discarded. The methanol-soluble material so obtained 
was purified over the barium salt as described above and proved to consist 
largely of cardiolipin. 

Experience indicates that for maximimr yields of cardiolipin all ether- 
acetone supernatants from reprecipitation of the barium salts should be 
repurified at least once in thm manner. The larger the proportion of to* 
purities in the mixture, the greater will be the loss of barium cardiolipin. 
into the ether-acetone solutions. 



RIBOFLAVIN IN BLOOD PLASMA OF SOME BRAZILIAN SNAKES 

By GILBERTO G. VILLELA and J. LEAL PRADO 

{From the Biochemical Laboratory f Insliiulo Oswaldo Cruz, Rio de Janeiro, and the 
Endocrinological Lahoraiory, Instituio Buianian, Sdo Paulo, Brazil) 

(Received for publication, November 4, 1944) 

Blood plasma from snakes of the Brazilian poisonous Bothrops and the 
non-poisonous Endryas is yellow-green in color and when observed through 
ultraviolet light (mercury lamp with Wood’s filter) presents an intense 
green-blue fluorescence. This observation has suggested to us a detailed 
studj^ of the plasma pigments of some snakes. When the blood plasma 
proteins are precipitated iMth 50 per cent methanol and dilute acetic acid 
in a hot water bath, the fluorescence of the filtrate is strongly intensified. 
The extraction of the methanol-water solution with light petroleum ether 
permits the separation of the yellow-green fluorescence from the blue. 
Some experiments w’ere executed to identify this greenish fluorescence with 
riboflavin. Thus the fluorescence disappears by reduction and reappears 
by oxidation in air. Chloroform and ether do not extract the pigment. 
Dialysis experiments with cellophane bags demonstrated that only a small 
percentage of the flavin is in the free state. The flavin is adsorbed with 
lead sulfide and fullers’ earth and eluted by pyridine- water-acetic acid 
mixture as in the case of riboflavin. Lumiflavin w^as obtained by irradia- 
tion of the wateiy extract after protein precipitation b}” heat. Potassium 
permanganate was ineffective in reducing the green fluorescence. The 
blue-violet fluorescence which is extracted by petroleum ether is resistant to 
hydrosulfite and probably belongs to the unknown blue fluorescent com- 
pound obtained by von Euler and Adler from the retina of fishes (1). 

On the other hand the blood plasma of the rattlesnake {Crotalus ierrificus) 
and that of the hoipeva {Xenodon merremii) are practically devoid of flavin 
and the deproteinized extracts exhibit a blue-violet fluorescence. It is 
interesting to recall that Taborda and Taborda show’ed in 1941 that the 
venom of some species of Bothrops is rich in riboflavin and that of the 
rattlesnake presents only a bluish fluorescence (2). 

EXPERIMENTAL 

Blood plasma w^as collected from decapitated snakes in tubes with 0.3 
per cent potassium oxalate to prevent coagulation. The last portions of 
the bleeding were discarded to avoid contamination wdth tissue fluids. 
After thorough mixing, the blood w*as centrifuged and clear, non-hemolyzed 
plasma was pipetted off. Extraction was usually performed on the same 
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day that the blood was mthdra\vn. Some samples, however, were stored 
in the ice box under sterile conditions and well protected from light. The 
present report is based on experiments with 52 snakes (thirty Bothrops 
jararaca, ten Xenodon 7mrremii, nine Crotalus ternficus^ and four Eudryas 
bifossatus). 

Extracts were prepared as follows: To 2 ml. of clear plasma, 10 ml. of 
50 per cent methanol and 0.25 ml. of 0.15 M acetic acid are added in a Pyrex 
test-tube. This tube is kept in a boiling water bath for 2 to 3 minutes. 
After cooling, the liquid is filtered. The clear filtrate is slightly yellowish. 
The precipitate left in the filter is washed \nth 2 ml. of water. The final 
volume of the filtrate is adjusted to 12 ml. This solutionis extractedwith 
4 ml. of petroleum ether to separate the blue-violet fluorescent compound. 
The extract free from petroleum ether is placed in the cup of the Pfalz and 
Bauer fluorophotometer and the galvanometer readings are recorded. 
To the same filtrate, 0.3 to 0.5 gm. of sodium hydrosulfite is added and 
mixed thoroughly wdth a glass rod. Air bubbles must be avoided. The 


Table I 

Reduction of Flavin in Plasma Extracts 




Galvanometnc units 


Plasma extracts 






Sample 1 

Sample 2 

Sample! 

Sample 4 

Sampled 

Botkrops jararaca 

20 

24 

22 

16 


“ 4* hydrosulfite 

4 j 

3 

2 

3 


Oxidation by air i 

IS 

20 

20 

14 

i 32 

Eudryas bifossatus 

28 

26 

27 

28 

“ + hydrosulfite j 

6 

3 

2 

' 4 


Oxidation by air . . | 

20 

18 

22 

24 



disappearance of the fluorescence is immediately evident. The solution 
is then placed in a well stoppered test-tube, vigorously agitated and again 
the fluorescence recorded in the fiuorometer. 

These results are summarized in Table I. 

Other experiments were conducted to determine the flavin 
plasma. The filtrate obtained as stated above was treated ^vith lead J 
which specifically adsorbs the flavin (3). To a Jena sintered gIa^3 
(G3) containing a wet layer of freshly prepared lead sulfide as reconinien ^ 
by Emmerie, 10 ml. of the filtrate are added and thoroughly mixed 
thin glass rod. After 2 minutes the liquid is filtered with ^ 

adsorbate is washed xvith 2 mi. of distilled water. The filtrate is 
flavin (see Table II). To the lead sulfide 10 ml. of the pinidine-water-^ 
acid mixture (3:7:2) are added. The suspension is ^ 
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lead sulfide is washed once more 'Rith the same mixture. The eluate was 
found to contain all the flavin of the original plasma. 

Experiments \vith fullers' earth showed that the flavin is adsorbed from 
the methanol extracts. 

It was not possible to extract the pigment with chloroform from the 
methanol or the watery deproteinized extracts. However, when these 
extracts were alkalinized \vith sodium hydroxide to pH 8.8 and exposed 
to illumination of a 250 watt lamp for 4 to 6 hours at 20®, it was possible 
to obtain a chloroform extract showing a yellow-green fluorescence (lumi- 
flavin). The addition of 2 per cent potassiiun permanganate to the pyri- 


Table II 

Adsor-ption Experiments with Lead Sulfide 



Color in 


Fluorescence in ultraviolet light 



daylight 

Plasma 

Methanol 

extract 

Filtrate not 
adsorbed 

Eluate 

Bothrops 


1 

i 



jararaca* 

Crotalua 

Green 

Bluish 

green 

Green 

Light 

blue 

Green 

ierri ficus* 

Xenodon 

Yellowish 

Bluish 

Blue 

violet 

Blue violet 

No fluores- 
cence 

merremii* 

Eudryas 

Light 

yellow 

Light blue 

i 

! Light blue 

Light blue 

Light green 

bifossatus 

Green 

Bluish 

green 

Green 

Blue 

Green 


* Pooled plasma from six snakes. 


dine eluate did not appreciably change the intensity of the green fluores- 
cence (=t2 galvanometric units). 

Fhiorometric Determination — Quantitative determinations were carried 
out preferably with the p 3 aidine eluate. The final volume of the eluate cor- 
responding to 2 ml. of plasma was adjusted to 12 ml., which is the capacity 
of the cup of the fluorophotometer. In some cases 5 ml. of plasma weix 
employed. 

The Pfalz and Bauer apparatus, model A, equipped with special filters 
for riboflavin (peak between 4300 and 4400 A) was used. All readings were 
at maximal intensity of fluorescence. Riboflavin standard solutions con- 
taining 0.1 to 2 7 per 10 ml. were prepared daily from a stock solution, 
10 mg. per 100 ml., kept in an ice box and wefl protected from light. The 
dilution was accomplished with pyridine-water-acetic acid mixture, as "was 
done for the plasma eluate samples 
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Table III shows comparative results obtained by the fluorometric and 
microbiological methods. 

Microbiological AsBaijs — ^To ascertain the biological activity of the flavin 
present in the plasma some quantitative determinations were perfomied 
with the Snell and Strong microbiological method with Lacldbaciiluz ca^d 
e as the test organism (4). 

Diluted blood plasma and deproteinized w’ater extracts were employed. 
Whole plasma diluted with the basal medivun gave somewhat higher values 
and therefore w’as discarded. This stimulatory effect is probably due to 
some factor present in blood, as obsen^ed by Feeney and Strong (o). The 
plasma filtrate extracted by petroleum ether lost tliis stimulatoiy' effect. 
The deproteinized filtmte was prepared as follow's: 4 ml. of plasnm were 
diluted with 4 mi. of 1 per cent acetic acid, heated in a boiling water bath 
for 2 minutes, and passed through Whatman No. 42 filter paper. The 
clear filtrate is extracted with 4 ml. of petroleum ether and the aqueous layer 
used for the test. A series of tw'elve tubes was prepared for each deter- 


Table III 


Comparison of Results Obtained by Fluorometric and Microbiological Methods 
The results are expressed in micrograms per 100 ml. of plasma. 


Method 1 


Bothrops jararaca 



Eudryas bsfotsai^ 


Fluorometric . . 

i , 

162 1 

210 1 

1 200 ( 

218 

190 

1 310 

SIS I 


Microbiological 

160 

212 

205 j 

210 

191 

302 : 

f 1 

302 j 

g 


mination. Volumes of 0.05 to 0.50 ml. with 0.05 ml. interv'als were added 
to the basal medium. The control tubes were prepared with 0.05 and 0.1 
ml. of photolyzed plasma filtrates. The standard curves were establhhe< 
with pure riboflavin (Hoffmann-La Roche), as recommended by Snell an 

Strong (4). r i n in 

Recovery experiments w’ere also perfoimed by adding 0.1 7 of ^ooi ' 
to each of the serial tubes containing the same quantities of the depr 
teinized filtrate. Recoveries from 95 to lOS per cent liave been i 
With the whole diluted plasma the recoveries were above 100 per cent. * ^ 
agreement w^as obtained between the determinations secured by the uor^^ 
metric method and by the Snell and Strong microbiological met i 
Table III). Precautions w'ere taken to avoid direct light during 
teiminations. Some operations (filtration, adsorption) were per omi 

the dark room. , t ^ in the 

Carotenoids — The presence of carotenoid pigments was obsen 
plasma of Bothrops jararaca and Eudryas bifossaius. Only xant 
encountered. No carotene or xanthophyll could be detected m 
of the genera Croialus and Xenodon. 
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2 ml. of plasma were precipitated with 50 per cent methanol and dilute 
acetic acid in a boiling water bath. The yellowish protein precipitate was 
extracted with ethyl ether (4 ml.) which assumed an intense j’^ellow color. 
Petroleum ether does not extract this pigment. With the Pulfrich step- 
photometer a maximum of 4300 A was found. The reaction of Haagen- 
Smit, Jeffreys, and Kirchner with phosphoric acid for xanthophyll was posi- 
tive (blue color) (6). The plasma when treated by the technique of Clausen 
and jMcCoord for carotenoids revealed only xanthophyll (7). Chromato- 
graphic ana] 3 ^ses made on adsoiption tubes of JO mm. diameter filled nith 
calcium carbonate and aluminum oxide, as described by Zechmeister and 
Cholnoky (8), showed that the pigment is retained in the calcium carbon- 
ate layer. 


suanL\RY 

Blood plasma from snakes of the species Boihrops jararaca and Eudryas 
hifossatus contain riboflavin averaging 200 y per 100 ml. 

The plasma from the rattlesnake (Crotalus temficus) and Xenodon 
merreniii is practically devoid of flavins. The analytical study and the 
quantitative determinations were performed by fluorometric and micro- 
biological methods. Xanthophyll was present in the plasma of the former 
species. Carotene was absent. 
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ON THE UTILIZATION OF RAFFINOSE BY PSEUDOMONAS 
SACCHAROPHILA 

By MICHAEL DOUDOROFF 

(From the Department of Bacteriology, University of California, Berkeley) 
(Received for publication, October 30, 1944) 

It has previously been reported (1) that the bacterium Psewdo/wo/zas soc- 
charophila is capable of utilizing the trisaccharide raffinose at a greater rate 
than any of the constituent hexoses, provided the organism is “adapted” to 
this compound by cultivation in a medium containing raffinose as the only 
carbon source. Similarly, cultures adapted to sucrose, trehalose, and mal- 
tose, respectively, can use these sugars more rapidly than their monosac- 
charide components. The recent demonstration of a reversible phosphoro- 
lysis of sucrose by this organism (2-5) has shed some light on the mechanism 
of the breakdown of this sugar, but, as already pointed out (2), has failed to 
explain the high rates of utilization of other disaccharides. It has been 
mentioned that dry cell preparations of bacteria grown -with dissacharides 
other than sucrose (e.g, trehalose) as substrates showed no phosphorylase 
activity either on these sugars or on sucrose. Since raffinose is structurally" 
related to sucrose, it seemed of interest to investigate its utilization by 
Pseudomonas sacckdrophilay especially when it was foimd that dry cell prepa- 
rations made from cultures grown with raffinose as substrate would cause a 
rapid esterification of inorganic phosphate when either raflSnose or sucrose 
was added. Since partially purified sucrose-phosphoiylase had been shown 
to be inactive towards raffinose (3), it was first necessary to test the possi- 
bility of finding a new phosphorolytic enzyme. 

The experiments presented here include (1) a study of the respiratory uti- 
lization of raffinose and its component sugars by suspension of intact resting: 
cells, (2) an investigation of the hydrolytic and phosphorolytic reactions 
catalyzed by dry cell preparations of bacteria gro\vn vnih raffinose as sub- 
strate, and (3) the demonstration of the occurrence of phosphorolytic reac- 
tions in-vivo by the extraction of phosphoric esters from whole cells. 

Oxidation of Substrates by Intact Cells — The bacteria were grora in a me- 
dium like that previously described (2) except that raffinose was substituted 
for sucrose as substrate. The cells were har\^ested by centrifugation,, 
washed, and “starved” by continuous aeration in phosphate buffer at pH 
6.64 for 18 hours at 30°. They were again concentrated and resuspended in 
buffer. Various substrates were then added to the suspension in AVarburg 
respirometer vessels, and the rate of oxygen consumption measured at 30°. 
Since raffinose is composed of galactose, glucose, and fructose in such a way 
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that it can be hydrolyzed either to melibiose and fructose or to galactose and 
sucrose, the o:ddation of these disaccharides alone and vath. the hexoses was 
investigated. The Qq. values are given in Table I. 

It will be noted that raffinose, melibiose, and sucrose could all be oxidized 
more rapidly than the constituent hexoses alone or in combination. It had 
already been shown (1) that in such experiments as this sugars are utilized 
with approximately two-thirds assimilation and one-third oxidation to 
CO 2 . Approximately the same fraction of raffinose and of sucrose was 
found to be assimilated in the present studies. The rate of oxygen uptake 
may therefore be taken as a fair measure of the rate of sugar breakdown. 
However, a striking difference in the dependence of the rate of utilization on 
the concentration of various substrates is evident from Table I. Thus, a 
40-fold increase in the concentration of raffinose or sucrose causes less than 
a 2-fold increase in respiration, while a similar change in the concentration 
of melibiose results in at least a 6-fold, and more likely a 20-fold increase in 
the rate of its utilization (depending on whether autogenous respiration 
continues during the slow oxidation of this sugar in Io^y concentration (1))' 
A similar phenomenon has been previously reported for the utilization of 
mannose (1), That this was not due to the presence of rapidly oxidizable 
nmpurities in the concentrated melibiose was shown by the fact that the 
high rate continued unabated after over 5 per cent of the theoretical amount 
of oxygen required for the complete oxidation of the added melibiose ^ 
been consumed. Similarly, the relatively high rate observed ^v^th m/200 
melibiose continued after more than 10 per cent of the sugar had been 
oxidized. 

Investigation of Extracellular Enzy77i€s — Since the first steps in the brea *- 
do\vn of raffinose might involve the hydrolysis of the trisaccharide by 
extracellular enzyme or enzymes, as has been shown to occur in the utmja 
tion of glycogen and starch by the same organism (1), a search was made or 
hydrolytic enzymes in the medium after bacterial growth had taken p 
Eaffinose may be hydrolyzed to melibiose and fructose by the action 0 
invertase, or to galactose and sucrose by melibiase. , 

Eaffinose, sucrose, and melibiose were added in m/20 concentra ion 
aliquots of the culture medium freed of bacteria by centrifugation on 
mixtures incubated under toluene at 30®. The extent of 
sugar could be computed from changes in reducing value of the so u 
Only insignificant traces of hydrolytic enzymes could be detectc m 
medium (less than 0.1 mg. of any of the sugars decomposed per m - 

hours at 30®). extracelln' 

In addition, no phosphorolytic enzymes ^vere found to occur . 
larly, %vas shown by the absence of any esterification of inorgn 
phate in the culture medium. 
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Expo iments with Dry Cell Preparations — Dry cell preparations of Pseudo- 
monas saccharophila were made as previously described (2), by the method 
oiiginally suggested by Dr. Fiitz Lipmann. A rapid esterification of inor- 
ganic phosphate was observed when such preparations were allowed to act 
on sucrose or raffinose in phosphate buffer. That the phosphate uptake was 
due to a phosphorolytic reaction was evident from the fact that it was not 
accompanied by respiratory or fermentative activity and that it was not 
inhibited by fluoride. Although it appeared most likely that the same 
phosphorylase is involved in this leaction as in the previously studied 
breakdo^\’n of sucrose, it was also possible that a direct phosphorolysis of 
raffinose or of melibiose might occur. 


Table I 


Utilization of Sugars hy Intact Cells 

Rates of o\ygea utilization expressed as Qoj found with washed starved cells of 
Pseudomonas saccharophila, grown with raffinose as sole carbon source, and allowed 
to oxidize various substrates at 30® in Warburg respirometer vessels. 


OOz various substrate concentrations 


Substrate 



m/800 

M/200 

M/20 

None (autorespiration) 

8.8 

8.8 

8.8 

Raffinose 

41.9 


76.5 

Sucrose 

41.5 : 

1 

68.9 

+ galactose 

46.3 


80.0 

Melibiose 

12.8 

24.1 

80.5 

+ fructose 

13.0 


87.5 

Glucose 

12.0 


16.0 

Fructose 

8.6 


1 11.4 

Galactose 

! 12 8 


22,6 

Glucose + fructose + galactose 

15.0 


29.9 


The dry cell preparations, unlike the culture medium, showed both 
melibiase and invertase as well as phosphorylase actmty. The melibiase 
actmty was measured by changes in reducing value, as ell as by polari- 
metric means ^vith melibiose as substrate. Determinations made by the 
two methods "were in good agreement. The e\tent of inversion of sucrose 
w’as computed from the amount of reducing sugar produced in excess of 
phosphate used for the phosphorolytic reaction, as explained in an earlier 
paper (3). Although a strong hydrolytic action on raffinose was evidenced 
by the production of reducing sugar far in excess of phosphate consumption, 
no attempt was made to express it quantitativ^ely, smce the ratio of the 
initial, intermediate, and final products (a total of seven compounds) 
could not be conveniently estimated during the course of raffinose break- 
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down. The phosphorolytic and hydrolytic activities of the dry cell 
suspensions are shown in the first two columns of Table II. It will be seen 
from Table II that the initial rate of phosphate uptake was greater with 
sucrose than with raffinose as substrate, and that no esterification whatever 
occurred with xnelibiose. The hydrolytic action on melibiose, on the other 
hand, was, under the conditions of the experiment, greater than the com- 
bined phosphorolytic and hydrolytic decompositions of sucrose. 

To determine whether any direct phosphorolytic breakdoTO of raffinose 
occurs or whether the phosphate uptake is due entirely to the phosphoroly- 
sis of sucrose produced from raffinose by hydrolysis, the phosphoric ester 
formed during the decomposition of raffinose by the dry ceil preparatioa 
was isolated . This was found to be almost exclusively glucose-l-phosphate, 


Table II 

Phosphorolysts and Hydrolysis of Sugars by Preparations of Dry Celts of Pseudomonas 
saccharophtla Grown with Raffinose 

The preparations were allowed to act on m/10 melibiose, m/10 sucrose, and m/IO 
raffinose, respectively, in m/ 40 phosphate buffer at pH 6.64 for 10 minutes at 30®, 
The phosphorolytic and hydrolytic activities are expressed as microequivalents of 
F esterified and of sugar hydrolyzed during the initiai 10 minute period per oii. 
Jhe mixture. Preparation A, 30 mg. of dry bacteria per ml.; Preparation B, enzyme 
preparation from 30 mg. of dry bacteria per ml partially purified by extraction and 
treatment with ammonium sulfate. 


Substrate 

Preparatioa A 

Preparatioa B 

P uptake 

Sugar 

by4rolyzcd 

P uptake 

jbyIroW 

Melibiose ... 

0.0 

25.5 

0.0 

0.9 

Sucrose 

13.6 

8.2 

3.5 

0.1 

Raffinose.. . . 

7.3 

* 

0.3 

A 


* Not determined. 


which was identified by the methods previously described (2).* 
no appreciable amounts of phosphoric esters of fructc?e, galactose, or me i- 
biose are formed in the reaction was shotvn by the negative results of 
for ketoses (Roe^s method) and for galactose (oxidation with nitric aci ) 
on the precipitated barium salts. This indicated that raffinose does no 
undergo a phosphorolytic cleavage. 

For further proof that the phosphorylase produced by bacteria gro^' 
with raffinose is identical with that found in cells grown xvith sucrose, 


i Nomreducing; completely hydrolyzed in 7 minutes at 100° in x HCl to 
(tfcO 001 equivalent of glucose (identified as glucosazone) per 1.0 equi valen ® 
pbate); specific rotation [«]» « -fSl° (in water, C - 1) ; converted to starcn . 
potato pbosphorylase preparation. 
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enzyme preparation was treated with ammonium sulfate as previously 
described (3). From the last two columns in Table II it will be seen that 
while about a quarter of the. phosphorylase activity towards sucrose sur- 
vived the treatment, over 98 per cent of the invertase and over 96 per cent 
of the melibiase were removed or destroyed. The precipitated preparation 
caused very little phosphate uptake with raflSnose, indicating that a pre- 
liminary hydrolysis of this sugar is necessary before phosphorolysis can 
occur. 

Demonstration of Phosphorolysis in Vivo — Since no phosphorolysis of 
melibiose could be observed mth dry cell preparations, it would seem that 
the decomposition of this sugar starts mth its hydrolysis by an intracellular 
enzyme. Yet, under certain conditions, melibiose was shown to be oxidized 
more rapidly than its hexose constituents by intact cells. This might be 
due either to its more rapid penetration through the cell membrane or to a 
different mode of action of the bacteria on the disaccharide. It appeared 
possible that a phosphorolytic decomposition of melibiose could occur in 
vivo wthout being demonstrable in vitro, either because the necessary 
enzyme does not survive the dehydration of cell preparations or because 
a preliminary phosphorylation of the disaccharide must occur. In either 
case, the formation of glucose-l-phosphate or its galactose analogue could 
be expected as a product of phosphorolysis. For this reason, it seemed 
interesting to search for glucose-l-phosphate in intact cells, and to compare 
the relative amounts of this intermediate appearing during the oxidation 
of various substrates. 

For this purpose, whole cells were inactivated while oxidizing various 
sugars, the phosphate esters were extracted, and the fraction representing 
glucose-l-phosphate was estimated. Although the presence of this ester 
in vivo was not established by absolute identification, it was very strongly 
indicated by the properties of the phosphate ester fraction tested. In 
addition, excellent agreement was obtained between the experiments with 
whole cells and those with dry cell preparations. The glucose-l-phosphate 
was determined as that fraction of the esterified phosphate which is soluble 
as a barium salt in water but insoluble in 67 per cent alcohol, which is not 
readily hydrolyzed by acid or alkali or decomposed with hypoiodite 
at room temperature, but which is hydrolyzed in 7 minutes at 100° with 
N HCl. These specifications would almost entirely e l i m inate adenylic 
acid, adenosine triphosphate, glucose-6-phosphate, fructose-6-phosphate, 
fructose diphosphate, triose phosphate, phosphopyruvdc and phosphogly- 
ceric acids, as well as acetyl phosphate. The bacteria were grown with 
raflSnose as substrate, harvested by centrifugation, starved overnight by 
aeration in phosphate buffer, washed, and resuspended in m/900 buffer at 
pH 6.64 to make a 15 per cent suspension on the basis of dry weight. Ali- 
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quot portions of this suspension were then allowed to oxidize various sub- 
strates in an atmospheie of oxygen with constant agitation foi 20 minutes 
at 30°. I volume of 24 per cent trichloroacetic acid was added to the sus- 
pensions and the cells extracted for 2 hours at 4°. The cells were remo\ed 
by centrifugation and reexti acted with 4 pei cent trichloroacetic acid, after 
which they were centrifuged out and the supernatants combined. Suf- 
ficient 2 5 N KaOH was added to the extract to give a faint pink color wth 
phenolphthalein, 3 ^ volume of u barium acetate was then added, and 
enough alcohol to make the final concentiation 67 per cent. After 24 
hours at 4°, the precipitate w^as centrifuged dowm and dried in lacuo o\er 
PsOs at room tempeiature It was resuspended in a small volume (| the 
volume of the original bacterial suspension) of 0.1 k acetic acid and neu- 
tralized with NaOH as before. - 3*7 volume of barium acetate uas 
added and precipitation of insoluble barium salts from aqueous solution 


Table III 

Intracellular Accumxdaiion of Glucose-1 -phos^phate tn Vtto 


Relative amounts of phosphoric esters in the fraction containing gluco^e*!- 
pkosphate^ found in extracts 0 / intact cells oxidising various substrates (see the text) 


Substrate 

P iracUon pec gm bacteru (<10 

Ti eight) 



None 

0.6 

Glucose 

0.9 

Mehbiose 

1.4 

Sucrose 

5.2 

Raffinose 

7.5 


allowed to proceed at 4° for 24 hours. The precipitate uas removed b\ 
centrifugation and an excess of sodium sulfate added to the supematimt^ 
After removal of the barium sulfate the supernatant was treated 
N NaOH for 15 minutes at room temperature, whereupon iodine uas ad 
to a final concentration of n/ 30. After 5 minutes, the excess iodine 
reduced with sulfite and the solution neutialized and centrifuged. Anai 
quot was analyzed for inorganic phosphate without preliminary h>dro)^» 
while another aliquot Avas hydrolyzed for 7 minutes at 100° with N 
The difference was presumed to represent chiefly the gIucose-I-pho=P ^ 


fraction of the phosphoric esters. . ^ 1 ^^ 

Although the recovery was not intended to be entirely 
exact similarity of treatment of aU samples insured at least a basis 
comparison. In addition, preliminary experiments with pure giJC 
phosphate showed better than 95 per cent recovery after similar rea 
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The results of an experiment in which the phosphoric esters were extracted 
from bacteria oxidizing different substrates are shown in Table IIL It 
appears that only with raffinose and sucrose is there an appreciable accumu- 
lation of glucose-l-phosphate. No evidence for a phosphorolysis of meli- 
biose in vivo could be found. The greater concentration of glucose-l- 
phosphate observed with raffinose than with sucrose did not seem to be 
fortuitous, since a repetition of the experiment yielded almost identical 
results. 


DISCUSSION 

From the experiments reported above it seems fair to conclude that the 
first step in the utilization of raffinose by Pseudomonas saccharoyhila in- 
volves chiefly its hydrolysis by intracellular melibiase. This is followed 
by the phosphorolytic and hydrolytic decompositions of the resultant 
sucrose. The reactions involved may be summarized by the folloiving 
equations 


( 1 ) 


RafBnose -f HiO 


melibiase 


sucrose + galactose 


(2) Sucrose + inorganic phosphate pl^Qsphorylase ^ 

glucose-l-phosphate + fructose 

(3) Sucrose + HjO ^ glucose + fructose 

In addition the raffinose may to a lesser extent be hydrolyzed by invertase, 
and the resultant melibiose further broken dovm by melibiase as follows: 

(4) Raffinose -f HjO ^ melibiose + fructose 

(6) Melibiose + H 2 O ) glucose + galactose 

It seems probable that the bulk of the metabolized raffinose is decomposed 
in accordance mth equations (1) and (2). The melibiase and the com- 
bined phosphorylase and invertase activities of the dry cell preparations 
were found to be sufficient to account for from 5 to 8 times the observ’ed 
rates of utilization of melibiose, sucrose, and raffinose by intact cells. Such 
comparison, however, is not entirely fair, since the substrate concentrations 
used in determining these activities were very much greater than the prob- 
able substrate concentrations inside the cells. No attempt was made to 
study either the internal concentrations or the kinetics of the enzymes. 

The studies here reported still fail to explain why monosaccharides are 
attacked mth greater difficulty than the complex sugars by bacteria ac- 
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dine, quitenine, and totaquine); other alkaloids (caffeine, cocaine, colchi- 
cine, morphine, narcotine, nicotine, stryclinine, and theobromine); 
synthetic antimalarials (atabrine and plasmochin); compounds struc- 
turally common to part of the quinine molecule (pyridine and quinoline); 
vitamins (choline, nicotinic acid, pyridoxine, riboflavin, and thiamine); 
and miscellaneous nitrogenous substances (antipyrinc, ciuchopheu, 
novocaine, sodium barbital, proteose-peptone, egg albumin, and serum 
albumin). 

A commercial grade of each of these was compared with purified quinine 
by the analytical method of Kyker, Webb, and Andrews (17). Mostsam* 
pies were of U. S, P, or equivalent quality and some ivere of reagent quality. 
Four samples of quinine, six of quinidine, and two each of both cinchonmc 
and cinchoaidine were used and each sample of a kind was obtained through 
a different source of supply which may represent a quality of product dif- 
fei’ent from the others of its kind. 

Preparaiio?is — stock solution containing approximately 1000 ing. per 
liter was prepared for each sample by dissolving about 0.2000 gm. of the 
xnatenal which had been dried to constant weight at Wi 2/3^ 

0.030 N hydrochloric acid solution. If any evidence of decomposition uas 
observed, another sample was dried m vacuo over phosphoric anhydrici<^ 
Choline, proteose-peptone, egg albumin, and serum albumin were dissohe 
to the approximately correct concentration and the resulting solutions cm 
analyzed by the Kjeldahl method for total nitrogen from ivhich the so utc 
concentration was calculated. . 

Standard solutions in series were prepared by consecutive dilations o 
each stock solution with an equal amount of 0.030 n hydrochloric acid un i 
standards containing 500, 250, ... 1.0 mg. of solute per liter were o 


tained. 


Observaizo 7 is — A concentration curve was obtained by plotting t ic 
vanometer reading against the concentration of the solute in the 
standard solutions. The instrumentation consisted of an Evelyn p 
electric colorimeter and was operated with Filter 400* The 
which was adopted is identical in every detail with that which is 
under “Standard concentration curves’' in the method under cxaminii 


The extractability of the solute from alkaline aqueous 
served by subjecting portions from one of the standard 
venient concentration to continuous ether extraction and 
quantity extracted by applying the photelometric method for e 
quinine with siUcotungstic acid (17). Tlic percentage of 
extraction was evaluated by the previously determined concen r 


for the same compound. 
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The specific optical rotation was determined for each of the optically 
active substances, which are listed above by observing the rotation of each 
ot the standard solutions which was of adequate concentration to give an 
observed rotation of significant magnitude. All determinations were 
made with a Schmidt and Haensch half shadow polarimeter reading to 
±0.01°, with monochromatic D light from an electric sodium vapor lamp 
and 2 dm. tubes. 

The composition of the silicotungstates was determined in each case by the 
general procedure which is described below. A 60 ml. poi^tion of each 
stock solution was treated with a 2:1 molar excess of 10.0 per cent silico- 
tungstic acid. The resulting suspension was digested for several hours 
on a steam plate, stored in an ice box overnight, filtered through a \veighed 
No. 4 Jena glass crucible, washed several times with small portions of 0.03 
N hydrochloric acid, and dried to constant n eight at 105°. A portion of the 
dry silicotungstate was transferred to a weighed porcelain crucible and 
ignited in an electric furnace at 700° for consecutive 30 minute periods until 
constant weight was reached. The weight of the sample of silicotungstate 
for ignition was checked bj’’ difference from both the Jena crucible and the 
porcelain crucible, since the former was weighed after diying at 105° and 
the latter after igniting at 700°. The temperature of ignition was selected 
as the optimal temperature which minimizes incomplete dehydration of the 
silicon oxide on the one hand and volatilization of tungsten oxide on the 
other (22). Calculations were made according to 

Mol, wt. (Si0rl2W03) X % base moles base 

% (Si'0rl2W03) X mol. wt. of base “ mole (Si02'12W0j) 

If the solution of this equation failed to give a small whole number of moles 
of base per mole of acid oxides, the positive fractional remainder was ex- 
pressed as water of composition or crystallization which was stable to 105° 
drying. 


DISCUSSION 

Atabrine, cinchophen, colchicine, plasmochin, riboflavin, and theobro- 
mine are omitted from further discussion because either the interference 
of the yellow color of their solutions (with Filter 400) or the difficulty in 
preparing a stock solution due to limited bolubility eliminated these from 
this study. Also, nicotinic acid, pyridoxine, and sodium barbital arc not 
considered beyond this point because no insoluble silicotungstate resulted 
from either of these, even when the concentrated stock solution was treated 
with the reagent. In the group of cinchonas which were studied quinidine 
differed from the others in that it gave a silicotungstate precipitate which 
appeared as a very finely divided irridescent crj^stalline solid whicli settled 
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rather rapidly and did not offer sufficient stability for taking turbidimetric 
reading. 

The curves which are presented in Figs, i, 2, and 3 pertain to those sub- 
stances which simulate quinine in their response to the analytical method 
for quinine. The accuracy of this analytical method, when applied to any 
one of these compounds, depends on the slope of the curve and the stability 
of the turbidity . The latter is the measured factor that indicates the con- 


centration of the substance in question and it is reflected by the leguknty 
with which the data approach the curve. As in the case of quinine (17), 
the curves do not represent a true expression of the Lambert-Beer law, 
although there is an approximation to this expression for certain segments 
of some of the curves. Consequently for each compound the prelimimiy 
construction of a concentration curve, which may be used for the estimation 
of unknown quantities of the same compound, is prerequisite to the quanti- 
tative use of this method for the analysis of any of the compounds to which 
it can be applied. 


Hydroquinidine, quinine, cinchonidine, cinchonine, quitenine, and tota- 
quine present in each case results which are very similar to the others. This 
is not imexpected, since the cinchonas present such close structural similar- 
ities. Since different samples of a cmchona, obtained through separate 
sources and of varying purity, will have as the most probable impurity some 
other cinchona, the analytical results for all such samples ^v^ll be similar 
regardless of their purity. Each of the above cinchonas, as well as nicotme 
and thiamine which are also shown in Fig. 1, can be measured as accurately 
as quinine (17) provided that each is not contaminated by other interfermg 
substances and is in solution in 0.030 N hydrochloric acid. A search for 
optimal conditions individual to each should improve the method for tbt 
particular compound over that which has been attained for it by 
the optimal conditions for quinine. The amount of nicotine \Yhich ^ 
present in human urine of a moderate or heavy smoker (7) does not m 
fluence the results for quinine during a metabolic period because the 
concentration of quinine after a dose and the sensitivity of the methoa 
quinine are sufficient to require so large a dilution factor before 
tion that the level of excretion of nicotine is not detectable by the 
at the hnal dilution . Trace amounts of nicotine can be estimated by tn ^ 
up the extracted or distilled alkaloid in a volume of 0.030 x hydroc 
acid which is less than that of the sample. The rapidity and 
‘this micromethod for nicotine over the gravimetric procedure w c ^ 
employs siiicotungstic acid reagent (22) should solicit its 
micro sample and the tolerable error may warrant. The 
of tWamine in a vitamin preparation which contains no 
pounds may be accomplished within an error of approximately 
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by fche brief operations of dissolving in acid, preparing the turbidity, and 
taking a reading. There would be no interference by nicotinic acid, 
pyridoxine, and choline if these members of the vitamin B complex were 
present with thiamine, but riboflavin would interfere on a colorimetric 



Fig. 1, The photelometric response of the siUcotungstatc turbidities of the cin- 
chonas, nicotine, and thiamine as a function of the concentration of each. Abscissa 
values are plotted on the same scale, but zero concentration on tliis axis begins at a 
different point for each compound as follows: hydroquinidine (A), quinine (B), 
cinchonidino (f>), cinchonine (E), quitenine {F), totaquine (H), nicotine (/), and 
thiamine (J), The curves for these compounds are lettered with the same symbol 
as that which designates the point of origin on the abscissa. 



Fig. 2. The photelometric response of the silicotungstate turbidities of quinoline, 
novocaine, certain alkaloids, and certain proteins as a function of concentration. 
Abscissa values arc plotted on the same scale but zero concentration on this axis 
begins at a different point for each compound as follows; novocaino (5), strychnwe 
(D)y narcotine (£*1, cocaine (F), serum albumin ((?), egg albumin (/f), proteose-pep- 
tone (/C) ; A designates 30 mg. per liter of quinoline. The curves for these compounds 
are fettered with the same symbol as that which is assigned to its origin on the ab- 
scissa. 

basis and it would require a preliminary separation or destruction before 
the estimation of thiamine could be accomplished. 

The compounds which, were found to respond like quinine, but only at 
slightly higher concentrations, are presented in Fig. 2. The response which 
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was recorded for both primary and secondary proteins is of primary sigoifi- 
cance in tile application of this method to the analysis of quinine, or of any 
other compound which reacts similarly, when the compound is present in a 
biological sample or protein-bearing mixture. An extraction which includes 
no trace of protein in the separated fraction is strictly imposed. Strycli- 
nine, narcotine, and novocaine give perceptible turbidities at 2, 4, and 8 mg. 
per liter respectively. Interference by novocaine has been recorded {21) 
in the analysis of the urine of dogs when a dose of quinine and the collection 
of the specimen had been preceded by novocaine anesthesia and surgical 
treatment. The curve which is presented for novocaine quantifies its inter- 
ference. The data which describe cocaine do not agree closely with a 
regular curve and are similar to data from other cases in which unstable 
turbidities resulted from treatment with siiico tungstic acid reagent. 
Quinoline gives no turbidity under 30 mg. per liter. It is not likely to 
occur as an impurity in any of the substances which are shown to be adapt- 



Fig. 3. The photelometric response of the ailicotuugstate turbidities of antip)nQ^ 
morphine, caffeine, pyridine, and choline os a function of concentration. 

able to this procedure and it was studied only because of its structural 
relationship to part of the cinchona nucleus. , • 

At relatively high concentrations, antipyrine, morphine, caffeine, py 
dine, and choline produce turbidities with silicotungstic acid and t e 
mum concentration which yields a turbidity increases for these in e ^ 
of their listing (Fig. 3), Turbidities resulting from choline are ar 

tectable below 0.5 per cent under these conditions. The 
centration for each of these is sufficiently high to pi > ] 

them when dealing with those compounds which are desen * 

and 2. ^ of the other 

One of two compounds may be determined in the presence 
when both possess qualitatively and quantitatively sinu 
curves if the other is not extractable under the conditions o i 
ether extraction. An evaluation of this property sho^^e ^ 
of the cinchonas, with the exception of quitenine, to be ex rac 
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tent of 95 to 100 per cent. Quinidine is extracted as well as the others, 
presumably, but the instability of its silicotungstate turbidity renders 
impossible a rigid definition of its concentration curve and therefore its 
extractabilit}’’ could not be determined accurately. Quitenine is not ex- 
tracted to any detectable degree. Its dissociation curve (2) indicates that 
it is present'raainly in the anionic form at the pH (excess alkali to phenol- 
phthalein) at which the extraction was carried out and little or no extraction 
of the salt form with ether was anticipated. Other substances which were 
not removed from the aqueous phase by the ether extraction are thiamine, 
cocaine, and the proteins, both piimary and secondary. Approximately 
two-thirds of narcotine and 80 to 90 per cent of both novocaine and nicotine 
were removed during the standardized period under the conditions by which 
the continuous extraction was performed. 

Specific rotations which have been reported (1, 3, 6, 11) for the cinchonas 
and certain other alkaloids which are included in this study were not 
measured under the same conditions from which the data presented in Table 
I were obtained. In this study the solvent was 0.030 n hydrochloric acid 
throughout and the maximum concentration was approximately 0.1 per 
cent. The values in Table I remained constant for part of the alkaloids 
when the concentration was decreased considerably and in the case of others 
consistent variations with concentration were observed. On the more 
dilute standards the specific rotations were calculated from very small 
observed rotations but the small magnitude of error by the instrument 
which was used makes these values significant. For those compounds 
which exhibited consistent variations, the influence of concentration on 
specific rotation is sho^vn in Fig. 4. 

The properties of silicotungstic acid which allow it to serve as a general 
precipitant for alkaloids and other basic substances have been recognized 
by many investigators. The acid acts usually as a tetrabasic reagent for 
these substances. No silicotungstate of a weak organic base has ever been 
found to contain more than 4 moles of the base per mole of the acid and it is 
extremely rare to find a silicotungstate in whose formation the parent acid 
has not exercised fully its tetrabasicity. Controversial reports have been 
made concerning the influence of the composition and conditions of the 
system, from which the silicotungstate is precipitated, on the composition 
of the salt. In some instances greater concentrations of electrolytes in the 
system have influenced the precipitation of silicotungstates whose composi- 
tions exhibit a smaller ratio of base to acid than those which are formed from 
the same reactants in systems of lower electrolyte concentration. These 
previous reports (10, 15, 18) prompted the analysis of the silicotungstates 
which were prepared in this studj'', since each was precipitated from a solu- 
tion of its base in 0.030 n hydrochloric acid. The data are recorded in 
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Table I 

Specific Roiaiion of Certain Alkaloids in O.OSO Ji Hydrochloric Acid 


Source and description 


Cinchonidine base 
** suUate 

Cinchonine hydrochloride 
'' sulfate 

Cocaine hydrochloride 

Hydtoquinidine base . 
Morphine sulfate 
Narcotine base 
Quinidine “ 


hydrochloride 
'' sulfate 

tl 

Quinine base 

“ hydrochloride 
sulfate 


Quitemne, 

Strychnine 


-185 

X«. P^r 
JOO ml, 

0.100 

-170 ' 

0.088 

4-239 

0,067 

+256 ' 

0.079 

-80 ' 

0.100 

+295 ^ 

0.100 

-100 ' 

0.060 

+45 

0.100 

+326 

1 0,127 

+321 

0.112 

+320 

0.109 

+330 

0.098 

+316 

0.065 

+330 

0.148 


i o.m 

-285 

0.140 

-292 

; 0.107 

-290 

0.097 

-312 

0.088 

-44 

0.101 


Eimer and Amend (pure, Ell) 
Kahlbaum 

Eimer and Amend (pure, EU) 

» (N.F.VI.EII) 

Merck 

“ (for investigation only) 
Kahlbaum 

^MalUnckrodt (crystals) 

Eimer and Amend (crystals) 
Kahlbaum (four recrystallizations) 
Eimer and Amend (pure, Ell) 

“ (U. S. P ) 

Merck (U. S. P.) 

I Yrom Merok 
^lallinckrodt (U. S. P.) 

Merck (U. S P.) 

Eimer and Amend (U S P.) 
Merck 

“ (N. F., crystals) 


I qUinidine sulfate 
E cinchonidine sulfate 
nr CINCHONIDINE base 
E QUININE sulfate 
X QUITE NINE 


grams per liter 

4 1 1 i 

04 06 



Fig. 4. The specific rotation of certain cinchona alkaloids in 0 030 > h>dr 
acid as a function of concentration. 

Table II and the composition is expressed as a molar ratio of 
to water. With the exception of small differences for the n ^ for 

tion, the molar ratios which were determined agree tnth ear le 
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the following: antipyrine (12), caffeme, cinchonine, and colchicine (10), 
cocaine, morphine, quinine, and strychnine (10, 15), narcotine (8, 10), nico- 
tine (4, 10, 22), and pyridine and quinoline (13). 4 moles of base have been 
reported to combine with 1 mole of acid in the preparation of the silico- 
tungstate of atabrine (9) and the silicotungstate of choline (18), whereas 
the results of this study indicate 2 and 3 moles of base; respectively, per 
mole of acid. No previous reports have been made wdth which to compare 
the composition of the silicotungstates of cinchonidine, hydroquinidine, 
novocaine, quinidine, quitenine, and thiamine which are also included in 

Table II 


Analysis and ComTiosiiion of Silicotungstates of Certain Alkaloids and Other Bases 


Compound 

Sample 

Residue 

SiO*-12WOi 

ilolar ratio 

Base to acid to water 



mBSM 

per cent 


Antipyrine 



77.25 

4:1:4 

Atabrine 



78.52 

2:1:0 

Cafifeine 



80.56 

3:1:6 

Choline 



86.45 

3:l:5 

Cinchonidine 


0.2233 

81.29 

2:l:4 

Cinchonine 

0.8831 

0.7170 

81.20 

2:1:4 

Cocaine 

0.0184 

0.0123 

66.85 

4:1:11 

Colchicine 

0.0374 

0.0241 

64.44 

4:l:0 

Hydroquinidine 

0.2&47 

0.2111 

79.75 

2:1:4 

Morphine 


0.0417 

72.02 

4:l:0 

Narcotine . 


0.0611 

62.73 

4:l:2 

Nicotine 


0.4130 

88.59 

2:1:3 

Novocaine . 


0.1184 

84.25 

2:l:0 

Pyridine 

0.3500 

0.3114 

88.97 

1 4:l:2 

Quinidine 

0.2600 


79.80 

2:1:4 

Quinine. . 

0.2378 


80.23 

2:l:3 

Quinoline 

0.4154 


84.84 

4:i:0 

Quitenine .. . ! 

0.2476 


79.00 

2:1:4 

Strychnine 

0.1177 

0.0807 

68.56 

4:1:0 

Thiamine . 

0.1203 

0.0984 

81.79 

2:l:6 


Table II. The characteristics of silicotungstic acid as an alkaloidal reagent 
Ivhich have been described heretofore are borne out by this study. 

SUMSL^RY 

The study of a previously proposed method for the microestimation of 
quinine has been extended to seven cinchona products, eight other alkaloids, 
two synthetic antimalarials, five members of the vitamin B complex, 
three proteins, and six other nitrogenous products. With the e.xception 
of quinidine all of the cinchonas, nicotine, and thiamine respond qualita- 
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lively and quantitatively in a similar manner. At slightly higher concen- 
trations cocaine, narcotine, novocaine, strychnine, egg albumin, scrum al- 
bumin, proteose-peptone, and quinoline give similar quantitative responses. 
Quitenine, thiamine, cocaine, and the proteins are not eumctablc. Narco- 
tine, nicotine, and novocaine show a relatively high but an incomplete ex- 
traction. Specific rotations were determined for the optically active com- 
pounds in 0.030 N hydrochloric acid solutions. The composition of the 
silicotungstate which was prepared from each of twenty bases was deter- 
mined. The method which was originally proposed for quinine has been 
shown to be applicable to different organic bases. 

The authors acknowledge and express their appreciation to the Samuel 
S. Fels Fund for providing the support which made this work possible. 
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THE DIFFUSION OF ORGANIC IONS AND THE EINSTEIN- 
SUTHERLAND RELATIONSHIP 

By R. B. DEAN* and HUBERT S. BORING 
{From the Department of Chemistry, Stanford University, California) 

(Received for publication, November 13, 1944) 

The Einstein-Sutherland equation, D — {RT)/{^Ttif]^TN), ((1, 2) (3) p. 
280) relating the diffusion constant, i), to the molecular radius of the dif- 
fusing particle, r, and the viscosity of the medium, j?o, has frequently been 
employed to estimate the molecular weight of large spherical particles in 
dilute solution. When applied to particles of the size of protein molecules, 
this relationship has been found to provide a close approximation of the 
molecular weight as determined by other methods (4). As the Einstein- 
Sutherland equation requires that the solute molecules be large compared 
to the solvent molecules, it is commonly agreed that this equation does not 
apply to substances of small molecular weight. Thus from certain theoreti- 
cal considerations Euler (5) postulated that the diffusion coefficient for 
small molecules is inversely proportional to the square root of the molecular 
weight instead of the cube root as given by the Einstein-Sutherland equa- 
tion. Similarly, Sutherland (2) has calculated that the numerical factor 
approaches 4 rather than 6 when the solute spheres are of the same order of 
size as the solvent spheres. 

In the present paper we have measured the diffusion coefficients of 2 
relatively small organic molecules of known structure, disodium /3-glycerc>- 
phosphate and disodium guanylate, to find how closelj’’ the Einstein- 
Sutherland equation may be expected to hold for particles of this size. To 
eliminate the electrical effects due to the diffusion of charged particles, the 
diffusion rate of each compound was determined in the presence of varying 
concentrations of supporting electrolyte.^ As shown by Dean (6), the 
diffusion coefficient of an ion approaches the value it would have in the 
absence of electrical effects produced by ions of opposite charge, when the 
ratio, R, of the conductivities of the supporting electrolyte to the supporting 
electrolyte plus diffusing ions approaches unity. From the graph of dif- 
fusion coefficient (corrected for viscosity) as a function of the conductivity 
ratios, the theoretical values for the uncharged molecules were obtained by 
extrapolation. The calculation of molecular weights from these values 

* Bristol-Myers Company Post doctorate Research Fellow. Present address. 
University of Hawaii, Honolulu. 

i A supporting electrolyte is defined as one (either a single salt or a mi.xture) that 
is initially present at the same concentration throughout the diffusion system. 
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showed, mthin rather wide limits of error, that )9-glycerophosphate and 
guanylate ions obey the Einstem-Sutherland diffusio’^ when sufficient 
supporting electrolyte is present to reduce the electrical effects to a negfi* 
gible value. 


EXPERIMENTAL 

Diffusion was measured at 25° through sintered disks in double 
ended diffusion cells described by McBain and DawsP^ (7)» Calculations 
of the diffusion coefficient were made by means of a noP^^Sraph based on tbe 
equation for diffusion in these cells derived by Vinog^^^^ McBain (S). 
All solutions were made up mth at least 70 per cent boiled distilled water 
to avoid accidental formation of bubbles in the Five cells in 

all were used, and each system was measured in at lea^t two different celk 
The cell constants were frequently redetermined 0.1 n KCL 
assume the value for the diffusion coefficient of 0.1 n jKCI to be Z) = 1.631 
sq. cm. per day at 25° obtained from the value found by Cohen and Bruiiu 
(9) at 20°. 

The concentration of diffusing ion used both for th^ disodium ^-glycero- 
phosphate and the disodium guanylate was 0.01 M. amount 
over a given period as well as the original concentrati^^^ deterima 
by analyses for total phosphate. In most of the expefbnents with 
phosphate the colorimetric method of I&ag (10) wa^ used.^ The coor 
solutions were compared in a Edett-Summerson phot^^electric colonme^^. 
Because more precise analytical results were obtaine^l by the gravime 
method of Embden (11), this was adopted in the lai^^ experimen w 
disodium guanylate. ^ K the 

The supporting electrolyte consisted of borate buffer prepared y 
dilution of a stock solution at pH 7.6 which was 1 m respect o o 

The respective dilution^ 
The glyceropbor 


and 0.45 ^vith respect to chloride ((12) p. 209). 


used were 0.05, 0.1, and 0.2 m with respect to borate/ ^ ^ 1 ii di- 
phate solutions for diffusion were prepared by the 
sodium /^-glycerophosphate solution and 1 m borate bi^^^ 
centrations mentioned. first method, 

The ^anylate solutions were prepared in two ways. ^ ^ 

crystalline trisodium guanylate obtained by the method o 
Peiser (13) was neutralized with sufficient hydrochlojd^^ ^ 
disodium salt, the solution of w^hich was then diluted ^ 

water to give solutions 0.01 m with respect to guan/tate au 
and 0.2 u with respect to borate for the Afferent solutjon^ ^ 

method, a preparation of lyophilized guanylic acid was ^ ^ 

* Borate buffer was used because it has been found to ^jien allowed 

iion in solutions which would otherwise support bacterial g(^ 
atand for appreciable lengths of time at room temperature. 
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obtained from tbe crystalline trisodinm salt after precipitation with lead 
acetate and decomposition of the lead salt with hydrogen sulfide. A 
weighed quantity of the dried guanylic acid was neutralized with the 
theoretical amount of sodium hydroxide necessary to give the disodium 
salt, and the resulting solution was diluted with 1 m borate and water to 
give solutions that were 0.01 m with respect to guanylate and were 0.05, 
0.1, and 0.2 m respectively mth regard to borate. Sufficient sodium 
chloride was added to both the buffer solutions alone and the guanylate 
solutions prepared by the second method to make the respective solutions 
comparable in chloride content to those prepared by the first method. 

The pH of the diluted buffer solutions varied from 7.6 to 8.0, but in no 
case was the difference between buffer alone and buffer plus diffusing ion 
greater than 0.1 pH. At a pH value of 7.6 approximately 95 per cent of the 
/3-glycerophosphate is present as divalent ion as determined by a titration 
curve for the 0.01 solution. Similarly as given by Levene and Simms 
(14), guanylate is present almost entirely as divalent ion at pH 7.6. 

Conductivities were obtained after the diffusion work was completed 
and were made on solutions duplicating as far as possible those used in the 
original work. Viscosity of the stronger buffer solutions was measured 
and the viscosity of the more dilute buffer solutions obtained b}’ calculation, 
assuming that the change in relative fluiditj’* is proportional to the con- 
centration of the added salts. The viscosity corrections in no case ex- 
ceeded 3 per cent 


Resulis 

The diffusion coefficients of the /3-glycerophosphate and of the guanylate 
ions in the various concentrations of supporting electrol 3 rte are plotted 
against the conductivity ratio, R, in Fig. 1. Each value for the diffusion 
coefficient represents the average of from two to six determinations. The 
maximxmi standard deviation for the runs in which /3-glycerophosphate was 
used was 0.46 sq. cm. per second;^ the corresponding value for the guanylate 
was 0.28 sq. cm. per second. Extrapolation of the data for a conductivity 
ratio of 1 gave values for the diffusi6n coefficient of the ions in the absence 
of electrical effects of 6.4 sq. cm. per second for the /3-glycerophosphate 
and of 4.4 sq. cm. per second for the guanylate*. The solid curve is the 
theoretical relationship between diffusion coefficient and the conductivity 
ratios calculated from these values and from the diffusion coefficients 10.0 
and ’8.4 sq. cm. per second obtained for the /3-glycerophosphate and guanyl- 
ate respectively in the absence of supporting electrol}^ (6). As the values 
for the theoretical diffusion coefficients of imhydrated /3-glycerophosphate 
and guanylate ions are 7.0 and 5.6 sq. cm. per second respectively, it is 
evident that the values obtained when the conductivity ratio, is 1 are 

* Values for the diffusion coefficients should be multiplied by 10^. 
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between 10 and 30 per cent lower than those for the unhydrated molecules. 
Calculations of molecular volume from the diffusion coefficients, 6.4 and 4,4 
sq. cm.- per second for the /^-glycerophosphate and guanylate respectively, 
gave values of 142 and 430 cc. As these molecular volumes correspond 
to ^-glycerophosphate and guanylate ions containing 2 and 12 molecules 
of water of hydration respectively, the data suggest that these ions maybe 
hydrated and that this factor accounts, at least in part, for the lower dif- 
fusion coefficients. As models of the diffusing ions showed that molecules 
of both compounds are nearly spherical, it is likely that the asyimneti}' 
effects can be neglected in comparison \vith hydration. While the experi- 
ments are not sufficiently precise to warrant the interpretation that the 



Fig. 1. The points are the diffusion coefficients of 0.01 m divalent 
phate and 0.01 M divalent guanylate ions plotted as a function of the 
ratio, i?, with borate buffer as the supporting electrolyte. The solid curves 
theoretical relationship as given by Dean (6). 

above values for the extent of hydration are exact, the results defiritd) 
support the Einstein-Sutherland equation for organic ions in the 
of sufficient supporting electrolyte to eliminate the electrical effects o ^ 
oppositely charged diffusing ions. 

The authors are indebted to John G. Pierce and Waldo Hanns for 
analytical determinations. 


suxaiABY 

1. The diffusion o£ 2 organic divalent ions was measured in the 
of supporting electrolyte and the limiting value of the diffusion coe 
of the ions in the absence of electrical effects calculated. 
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2. The experiments support the use of the Einstein-Sutherland equation 
for organic ions ^\ath a molecular weight as small as 140. 
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ELECTROPHORETIC AND SALT FRACTIONATION OF THE 
SERUM PROTEINS OF NORMAL AND 
HYPOTHYROID RATS* 

Br DAN H. MOORE, LOUIS LEVIN, and GEORGE K, SMELSER 

{From the Electro-phoresis Lohoralor-y and the Departments of Anatomij and 
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In a previous communication (1) we reported that the sera of intact, 
normal rats of the Long-Evans strain, when examined electrophoreticalJy 
in saline-sodium phosphate buffer at pH 7,4, contained little or none of the 
protein component usually designated as a-globulin. In contrast, sera 
taken from rats 21 days after hypophysectomy unifonnly showed the 
presence of this component. 

Earlier experiments (2) depending on salt fractionation methods had 
sho^vn that the concentration of total serum globulin increased after thy- 
roidectomy as well as after hypophysectomy and that such globulin eleva- 
tion might be prevented by thyroid replacement therapy. It was there- 
fore of interest to ascertain whether the sera of thyroidectomized rats showed 
the presence of a-globulin and whether this component accounted for at 
least a portion of the increase in total serum globulin. Likewise, it seemed 
probable that the sera of rats made h)T)othyroid (3) by thiouracil adminis- 
tration would show the presence of a-globulin. 

The data reported in this paper, obtained from the sera of eight thy- 
roidectomized, eleven thiouracil-fed, and eight additional untreated con- 
trol rats, show that a-globuIin does indeed appear in the serum of 
hypothyroid rats. 


EXPERIMENTAL 

A group of male rats of the Long-Evans strain was thyroidectomized 
when 3 to 4 months old. They were allowed to eat the stock diet (4) ad 
libitum and water was available in the cages at all times. Duiing the 
postoperative period of 21 days the animals usually showed a small body 
weight loss, although some of them gained slightly. After this interval, the 
animals were anesthetized by intraperitoneal administration of sodium 
amytal, 10 mg. per 100 gm., and were bled by heart puncture. The blood 
was allowed to clot and the clear serum collected. 

• Aided by a grant from the Rockefeller Foundation, administered by Dr. P. 
E. Smith. 
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Another group of male rats of similar age and weight was rendered h^-po- 
thyroid by ad libitum feeding of the stock diet containing 0.2 per cent 2- 
thiouracil.^ After a 21 day period on this diet, the animals were bled as 
described above. 

Electrophoretic analyses were made on aliquots of the serum after dilu- 
tion with 2 volumes- of 0.02 m sodium phosphate buffer, pH 7.4, containkg 
0.15 M NaCl and dialysis of the diluted serum against large volumes of the 
same buffer in the usual manner. The analyses Avere made in a Tiselius 
apparatus having a tall, single sectioned cell of 2 ml. capacity (5). 

Serum proteins were also determined by the sodium sulfite fractionation 
method of Campbell and Hanna (6). 


RESULTS AND DISCUSSION 

A summary’- of the data is presented in Table I. As may be seen, these 
data, electrophoretic as well as salt fractionation, confirm earlier findings 
(2) that thyroidectomy leads to an increase in serum globulin concentra- 
tion with little change in albumin concentration. The electrophoretic 
analyses further show that in every thyroidectomized rat the a-globulm 
concentration is elevated sufficiently to permit definite detection of this 
component under the conditions here used. In contrast, only four of the 
twenty (eight in this and tAvelve in the previous series (1)) normal rat sera 
analyzed electrophoreticaiiy have shown the presence of this protein 
component. . 

Typical electrophoretic patterns obtained w’th sera of normal an 
thyroidectomized rats are reproduced in Fig. 1. In some of the patteni> 
for normal rat serum, as illustrated in Fig. 1, A, the curA'e did not re uin 
completely to the base-line between the albumin and ^-globulin 

ponents, indicating the presence of electrophoreticallyheterodispersepn> 

in that region. In measuring the areas under the cur\^es for 
estimating protein concentration, this protein was included 
the albumin and partially Avith the ^-globulin fractions. The 
component is appreciably higher in the serum from the thyroiaec 
rats than that from the normals. . ^ 

It may also be pointed out that the sera from sonie of the 
tomized rats contained an additional component Avhich appo^ 
patterns as a shoulder on the albumin curve (Fig. 1, ^ 

I The 2-thiouracil (deracil) was kindly supplied by Dr. S. M- Hard) of t 
Laboratories, Inc., Pearl River, New York. , the sex* 

5 In the previous paper (1) of this series, it was erro^ously jure acU* 

were diluted with 3 volumes of buffer solution prior to dialysis. dilution • 

aiiy was identical with that indicated in the present buffer, 

volumes of buffer follo^ved by dialysis against a large volume ot 
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electrophoresis this separated into a distinct component. A similar addi- 
tional component was also seen in the patterns of two of the four ‘‘normal ' 
sera which showed the presence of a-globulin. Whenever this component 
appeared, it was included with the albumin in calculations of the relative 
concentrations of the various fractions. 


Table I 

Summary of Data on Sera from N'ormal, Thyroidectomized, Thiouracil-fed, and 
Hy'pophyseciomized Rais 


No. of rats 

Salt fractionation, gm. per cent 

Electrophoretic fractionation* 

Total 

protein 

Al^- 

min 

Globu- 

lin 

Albumin 

Total 

pro- 

tein 

Albu- 

min 

Globulins 

Albumin 

Globulin 

a 


y 

3 

o 

H 

Globulin 

20, normal 


3.86 

2.18 

1.79 

581 

415 

t 

93 

63 

166 

2.6 



ptiiUtl 

RSmQ 


±42 

±30 


±25 

±18 

±35 

±0.6 

8, thyroidec- 


3.50 

3.19 

1.12 

612 

418 

39 

68 

SS 

194 

2.2 

tomized 



ggmgi 

±0.24 

±66 

±63 

±9 

eWi] 

±21 

±28 

±0.4 

11, thiouracil- 


IQRi 

2.64 

1.68 

636 

455 

44 

76 

61 

181 

2.6 

fed 






±36 

±9 

±16 

±13 

±24 

±0.4 

6, hypophysec- 

5.76 

3.20 

2.56 

1.25 

535 

337 

29 

72 

97 

198 

1.7 

tomized 



±0.22 



±88 

±16 

1 

±20 

±19 

±36 

1 

I ±0.5 


* Expressed ia arbitrary units derived from the descending patterns, 
t Standard deviation, Vs {x — — 1)* 

X Only four of the twenty specimens showed the presence of oc-globulin, the aver- 
age of these four values being 26 ± 8, 



Fig. 1. Electrophoresis patterns of serum from (A) normal and (B) thyroidec- 
tomized rats. Buffer, 0.02 xi sodium phosphate + 0.15 u NaCl at pH 7.4. Serum 
diluted with 2 parts of buffer. 


Thiouracil feeding, as was expected, also produces an increase in serum 
globulin level. The figures derived by both the salt fractionation and 
electrophoretic methods agree in showing that the increase in globulin level 
during thiouracil feeding is not as great as that resulting from thyroidec- 
tomy. Like^vise both methods agree in sho^\ing that during the thiouracil 
feeding there is a significant increase in albumin concentration, whereas 
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after thyroidectomy the albumin concentration remains stationarj' or de* 
creases slightly. The reason for this difference in beha\Tor of thyroidec- 
tomized and thiouracihtreated rats is unknown to us at the present time. 

The fact that in the thiouracihtreated rats the concentrations of both 
the albumin and globulin components are above nonnal might be inter- 
preted as being a result of hemoconcentration. Although such a concept 
agrees with the reported relation of blood volume to thyroid activity in 
man (for review of literature see (7)), the few hematocrit readings iveha\c 
made do not support this possibility. In every case, the hematocrit values 
were found to be nonnal or below normal, indicating a nonnal or perhaps 
slightly increased plasma volume. If the plasma volume is indeed actually 
decreased, one must interpret our hematocrit values as indicating a coinci- 


dent and proportionally greater decrease in total cell volume. 

Similarly, the increased serum globulin concentration found after thy- 
roidectomy may be interpreted as being due to hemoconcentration. Such 
a conclusion, however, is even more difficult than in the case of thiouracil* 
fed rats, for after thyroidectomy not only does the hematocrit reading fall, 


but the albumin concentration is consistently lower than in normal rats 
(2). Therefore, if the postthyroidectomy increase in serum globulin is due 
to a decrease in plasma volume, it must be assumed that there is a comcp 
dent, and proportionally greater, decrease in total red cell volume as as 
in total circulating albumin. In this respect it is interesting to analyze 
the blood volume data of Gibson and Harris (7), who studied seventeen 
cases of severe human hyperthyroidism which showed substantial reduction 
of basal metabolic rate following treatment. In five of these seyentcea 
cases, the decrease in basal metabolic rate was accompanied by an inemse 
(1.8 to 11.5 per cent, average 4.8 per cent) in plasma volume. In the 
maining twelve cases, the decrease in basal metabolic rate was accompani 
by a decrease in plasma volume of 2.2 to 29.5 per cent (average 12.0 
cent). Fifteen of the seventeen cases showed a cell volume 
average change being 13.8 per cent of the original cell volume. Ihe 
of Gibson and Harris therefore agree with the subnoimal 
we have found. The increased serum globulin concentration may 
to hemoconcentration but this is not yet proved, particularly in t e ig 
of the data of Gibson and Harris, which show an increase in plasma 
with decreased basal metabolic rate in one- third of their human su j ^ 
The data of Table I as well as those previously reported (1) s ow 
the electrophoretic and salt fractionation methods agree in e 
direction of the changes in concentration of serum albumin nn g 
It may be noted, however, that the ratio of albumin to globu m 
mined by electrophoresis is consistently higher than the ra 
by the salt fractionation method. It is recognized that t e a 
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globulin ratio as determined by electrophoresis is dependent on both the 
protein concentration and the concentration and nature of the buffer ions 
used. It has been shown, however, that the sodium phosphate-saline 
buffer and the protein concentration employed in these experiments yield 
a relation which reduces almost to a minimum the error obtained mth 
buffers of lower ionic strength and protein of higher concentration (8). 

Moreover, the possibility that a part of the electrophoretic albumin is 
precipitated along vdth the globulin by the high salt concentration used 
for the chemical separation has previously been suggested (1). To investi- 
gate this possibility a sample of pooled rat serum was fractionated into 
“albumin” and “globulin” fractions by addition to 19 volumes of 21 per 
cent sodium sulfite. The “albumin” filtrate was concentrated by pressure 
dialysis and then dial 3 ’^zed against large volumes of the pH 7.4 sodium 
phosphate buffer described above. 

The precipitated globulin was washed wth a small volume of fresh 
solvent, centrifuged doum to form a compact pellet, and the supernatant 
decanted. The precipitate was then dissolved in water and an aliquot of 
the solution dialyzed against large volumes of the pH 7.4 buffer. The re- 
mainder of the “globulin” solution was reprecipitated by adding it to 19 
volumes of 21 per cent sodium sulfite and, after repetition of the washing 
procedure, another aliquot was removed and dialyzed. The remainder 
was precipitated for the third time and this precipitate dissolved and 
dialyzed. The four resulting solutions, namely that of “albumin” and of 
“globulins” precipitated one, two, and three times respectively-, were an- 
alyzed electrophoretically. 

Patterns of the unfractionated serum and the “albumin” filtrate are 
reproduced in Fig. 2. An appreciable amount of globulin has remained 
imprecipitated (Fig. 2, B). Also the “globulin” precipitate contained a 
considerable quantity of electrophoretic albmnin, as is indicated by the 
patterns of Fig. 3. A comparable result was obtained -with another sample 
of pooled rat serum treated in a similar manner. 

The fact that the attempt to separate the electrophoretic albumin from 
the precipitated “globulins” by repeated sodium sulfite precipitations did 
not succeed suggests that this albumin differs from the main bulk of the 
serum albumin. Supporting evidence is afforded by its mobility (u = 
—4.0 X 10“® sq. cm. per volt per second) which is definitely less than that 
(u = —4.6 X 10"^ sq. cm. per volt per second) of the albumin not precipi- 
tated by sodium sulfite.^ These results suggested to us the possibility that 

3 The mobilities of all the globulin fractions were increased by each successive 
precipitation and the third precipitate gave a distorted pattern with little or no 
protein having the mobility of The mobility of the fastest component 

{presumably albumin) did not change appreciably with reprecipitation. 



728 


FRACTIONATION OF SERUM PROTEI,^*S 


the fraction having the lower mobility might be the high carbohydrate-coa* 
taining fraction isolated by McMeekin (9). A carbohydrate analysistivas, 
therefore, attempted on the small amount of material our disposal. The 
analyses were made by a quantitative modification of the ISIolisch reaction 
depending on comparison of the color developed by the unknown against 
the color developed by glucose standards. Because the color produced by 
the proteins ^Yas not identical with that of the glucose standard, the ab* 
solute values for carbohydrate content cannot be stilted with accuracy. 
The analysis did definitely show, however, that the albnmin fraction pre- 
cipitated by the sodium sulfite contained about 2.5 times as much carbo- 
hydrate as does the albumin which is not precipitated by sodium sulfite. 



Fig. 2. (A) Pooled unfractionated serum of normal rats. W 20 per cent sodium 
sulfite filtrate of the same serum. Buffer, as in Fig. 1. 



A* B c 


Fig. 3. 20 per cent sodium sulfite precipitate from normal Buffer as 

first precipitation, (B) reprecipitation, and (C) second 
in Fig. i. 


The actual figures obtained, 4.3 and 1.8 per cent carbohydrate, '[ 

for the precipitated and non-precipitated fractions, inchc^^® t ^ 
cipitated fraction is indeed similar to the albumin fraction ( . 
carbohydrate) isolated by McMeekin (9) from horse sorum. 

It was also of interest to see whether the electrophoretic a ^ 
precipitate w'as similar to the arglobulin fraction described y J 
(iO) and found in sera from normal and bypophysectoi^^j^^ 
the analyses were made in sodium diethylbarbiturate bu or ^ 

Whole rat serum and the filtrate fraction were analyzed ^ t 
may be seen in Fig. 4, the ratio of the two components the 

precipitation and removal of the precipitate. The moP ^ ^ 

* We are greatly indebted to Miss Marion Blanchard for the^ aaaly 
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fractions were, however, appreciably increased by the sodium sulfite. It 
is evident, therefore, that the. second component in the patterns obtained 
at pH S.6 is not selectively precipitated ^\dth the globulins by 20 per cent 
sodium sulfite, and it is probable that this is a third albumin fraction (the 
first being the fastest moving component in the patterns obtained at pH 
8.6 and the second being in the sodium sulfite precipitate), since by the 
criteria of salt fractionation and electrophoresis at lower pH it is albumin. 
At present it is impossible to say, however, whether the fractions are native 
or are produced by the procedures employed. 

An attempt was made to use ultracentrifugal data as a criterion for 
establishing whether the various substances were albumins or globulins, but 
unfortunately all fractions, even though they were clear solutions, 3de}ded 
sedimentation constants which indicated aggregation. Comparison of 
serum protein fractions obtained by other chemical means known not- to 


A 



A B 


Fxg. 4. Pooled unfractionated serum of (/I) normal rats. (B) 20 per cent sodium 
sulfite filtrate. Buffer, sodium diethylbarbit urate at pH 8.6. 

affect the physical properties of the protein appreciably is in progress and 
wOl be reported later. 

The authors are indebted to Miss Helen Sikorski and Miss Dorothy 
Wangerin for technical assistance. 

SmilsURY 

The protein component usually designated as cc-globulin was found in 
definite quantities in only four of twenty sera of normal rats. In contrast, 
this component was found in the serum of every hypothyroid rat examined, 
whether the hypothyroidism was due to thyroidectomy or to thiouracil 
feeding. 

The globulins precipitated from rat serum by 20 per cent sodium sulfite 
contamed a component having an electrophoretic mobility of serum al- 
bumin, This '^albumin"' was not separated from the globulins by repeated 
reprecipitation with sodium sulfite. 
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STUDIES ON THE ENZYME WHICH PRODUCES THE STREPTO- 
COCCUS LACTIS R-STIMULATING FACTOR FROM 
INACTIVE PRECURSOR SUBSTANCE IN YEAST* 

By MICHAEL LASKOWSKI, VlBcmiA MUMS, and PAUL L. DAY 

(Prom Ihe Department of Physiological Chemistry, School of Medicine, University of 

Arkansas, Little Rock) 

(Received for publication, December 5, 1944) 

Totter, Mims, and Day (1) showed that yeast contains a substance (or 
substances) which in itself is inactive, but which can easily be changed 
into the Streptococcus laciis R-stimulating factor by incubation wth fresh 
rat liver. Mims, Totter, and Day (2) descxibed a method for the deter- 
mination of this potential factor in biological materials. The method is 
based on the incubation of the material to be examined with a slightly puri- 
fied extract of fresh rat liver, followed by microbiological assay uith Strepto- 
coccus ladis R as the test organism. 

Binkley et al. (3) have recently announced the concentration of the chick 
antianemia factor horn yeast, and reported that it is relatively inert in 
stimulating the growth of Laciohactllus ca^ei^ but becomes highly active 
after enzymatic digestion. They applied the term “vitamin Be conjugate” 
to this substance. Crystalline vitamin Be was isolated from digests of the 
conjugate. The source of their enzyme, however, w'as not disclosed. 

The object of the present study was to puiify and to inve«?tigate the 
properties of the enzyme which is capable of tiansforming inactive pre- 
cursor substances into the Streptococcus lacks R-stimulating factor. 

Methods 

A. commercial yeast extract preparation (Difeo)^ w^as used as a crude 
substrate for the enzymatic reaction (2) The product, or pioducts, of the 
reaction was determined by microbiological assay wdth Streptococcus laciis 
R, according to the procedure described by ^Mitchell and Snell (4) for the 
determination of folic acid. 

* Research paper No 562, Journal Senes, l'niversit> of Arkansas Aided by 
grants from the Nutrition Foundation, Inc , and the John and Mary R Maikle Foun- 
dation 

‘ Bacto-yeast extract, Difco Laboratories, Inc , Detroit A single batch (Control 
365855) of this extract was used throughout the work reported here It contained 
200 y of potential Streptococcus laciis R-stnnuIating factor per gm It is believed, 
however, that the enzyme can be standardized on an\ other batch of this brand of 
yeast extract, provided that an amount is used which furnishes a suitable amount of 
the precursor substance (see Fig 1) 
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In order to express the activity of the enzyme in a quantitative way, . 
provisional unit was defined as follows: 1 unit represents the amount o 
enzyme which will produce 1 7 of the factor (as folic acid of potency 40,000 
per hour when incubated at 37° with 200 mg, of the yeast extract (Difco); 
total volume 11 cc., incubation 4 hours. 

Most of the actual determinations of enzymatic activity of the mon 
highly purified extracts were done on quantities one-tenth of those stated 
above; only 1 cc. of substrate solution (containing 20 mg. of yeast avtract) 
and 0.1 cc. of enzyme solution were used. Fairly good proportionality was 
found between the amount of factor formed and the amount of enzyme used 
when the latter was between 0.05 and 0.5 unit (Table I). 

The amount of enzyme in the tissues studied was determined as follows: 
A sample of fresh tissue was weighed, thoroughly ground with sand, ex- 
tracted with 5 volumes of 0.1 m phosphate buffer, pH 7, and centrifuged. 

Table I 

Recovery of Enzyme in Different Dilutions 


The enzyme solution contained 120 units per cc.* Each tube contained O.l cc. 
of the diluted enzyme and 1 cc. of 2 per cent solution of yeast extract (Difco) inphos* 
phate buffer. _ 


Diluitoa 

CalcuUted 

Fouod 


unit 

unit 

1 : 24 

0.5 

0.45 

1 :4S 

0.25 

0.22 

1 : 120 

j 0.1 

0.105 

1 : 240 

1 0.05 

0.07 


* Average of several determinations on the undiluted solution. 


An aliquot of the supernatant was incubated with the axcess of 
extract as previously described. Usually the reaction \vas allowed to pro- 
ceed for a period of 4 hours, and was then stopped by placing the tu 
boiling water bath for a period of 5 minutes. The mixture was cent^ u^^ 
and the supernatant was diluted to a convenient volume. Aliquo « ^ 
taken for the determination of Streptococcus lactis R growth-stjm * 
factor. Corrections for the blanks, due to the content of preforme ac i 
were subtracted. , ^ 

The potency of the enzyme in a given preparation is expm'' 
number of units per mg. of protein, which was determined by the me 
Robinson and Hogden (5). 


EXPERIMENTAL 

The distribution of the enzyme was first investigated 
of the rat. The results are shown in Table IL It is obvious 
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enzyme is widely distributed throughout the rat’s body. Pancreas, brain, 
intestinal mucosa, and bone showed much higher values than liver, under 
the conditions described above. 

For the purpose of this study, however, it was inconvenient to depend 
upon rat tissue as a source of enzyme. Organs of several other animals 


Table II 

Dislribution of Enzyme in Rat Organa and Tissues* 


Organ 

Units of enzyme per gm. 

protein in tissue extract 





Brain 

288 

180 

220 

328 

227 

Pancreas 

300 

46 

108 

Bone 

198 


Intestinal mucosa 

100 

97 



Kidney 

178 

52 

120 


Spleen 

150 

85 


Muscle 

92 

38 



Heart 

61 

49 



Liver 

21 

15 

16 





* In the experiments on which these data are based the concentration of the crude 
substrate (yeast extract, Difco) was 20 mg. per cc. Different relative values have 
been obtained for certain tissues by altering the amount of substrate. 


Table III 

Disirihuiion of Enzyme in Organa and Tissues of Different Species 


Organ 

Less 
than 50 
units 
per gm. 
protein 

Between 
50-100 
units per 
gm. 
protein 

Organ 

Less 
than 50 
units 
per gm. 
protein 

Between 
50-100 
units per 
gm. 

protein 

Over 100 
units 
per gm. 
protein 

Dog pancreas 

+ 


Rabbit pancreas 

+ 



Hog brain 



“ bone marrow . . 

-f 






Chicken brain 


+ 


** muscle 



“ pancreas 


+ 

** pancreas... 

+ 


“ intestinal mu- 




“ bone mar- 



cosa 



+ 

row 

+ 


Chicken liver 



+ 

Rabbit brain .... 

+ 

“ kidney 


+ 


muscle... 

+ 


“ spleen 

+ 




were therefore tested (Table III). Chicken pancreas was chosen because 
it was rich enough in enzyme and rather easy to obtain. 

Preparation of Enzyme 

Fa’frocizoTi— Approximately 0.5 kilo of fresh chicken pancreas was col- 
lected at a poultry market. It was first ground in a meat grinder, and then 
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in a mortar vnth. sand. It was axtracted with approximately 3 volumes 
(1.5 liters) of 0.1 u phosphate buffer, pH 7, and centrifuged. The fat col- 
lecting on the top of the tubes was discarded. The b^o^vnish extract usu- 
ally contained 4000 units of the enzyme per kilo of fresh pancreas and the 
potency was about 0.13 unit per mg. of protein. 

Purijication with Tricalcinm Phosykate Gel — ^The crude extract was 
treated wth an equal volume of approximately 0.1 m tricalcium phosphate 
suspension. The adsorption complex was centrifuged down and discarded. 
The opalescent, ye}lo^vish supernatant was collected. No loss of activity 
occurred at this stage, whereas the amount of total protein was reduced by 
one-haif. 

Precipitation with Alcohol — The enzyme solution was chilled to 10® and 
was treated with an equal volume of ice-cold 95 per cent alcohol. The 
mixture Avas left in an ice bath for 1 hour and then centrifuged. The super- 
natant Avas discarded. The precipitate was thoroughly mixed ^vith about 
120 cc. of phosphate buffer- and the denatured protein then centrifuged oil 
and discarded. The supernatant AA^as collected; it contained above 80 per 
cent of the original activity and had a potency of about 7 units per mg. 
of protein. 

Saliing-Oui mill Sodium Sulfate — ^The enz 3 rme solution at this stage uas 
too dilute to be convenient for further purification. In order to reduce the 
volume it Avas saturated with anhydrous sodium sulfate at 37® (45 gni. per 
100 cc. of the enzyme solution). It Avas then placed hx the refrigerator and 
alloAved to crystallize overnight. The slightly cloudy supernatant was 
decanted, the crystals of decahydrous sodium sulfate Avere Avashed with a 
little^ of the ice-cold buffer, and the Avashings added to the decanted super- 
natant. The crystals Avere discarded. This procedure reduced the A^olume 
to about one-half of the original. 

Three or four preparations were carried out up to tiiis stage and were 
then combined. The volume was further reduced by repeated satmatioa 
Avith sodium sulfate as described above. Finally the enzyme solatium 
evaporated in front of a fan at room temperature for a period of 2 o ^ 
hours. When a concentration of protein of at least 5 mg. per 
achieved, the liquid Avas again saturated Avith sodium sulfate at 3 
was centrifuged. During the centrifugation the excess salt was 
down and the insoluble enzyme collected on the surface of the hqUJ • ^ 
Avas separated and resuspended in a small amount of buffer soiu 
significant increase in potency Avas observed at this stage. 1 ^,^. 

due to the removal of nitrogen-containing substances of 
molecular Aveight, Avhich gave a strong biuret reaction, althoug 
only slight precipitate Avith trichloroacetic acid. 

* In several preparations phosphate buffer was replaced by borate buffer 
any alteration of the course of purification. 
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Second Purification with Tricalcium Phosphate Gel and Precipitation with 
Alcohol — The excess sodium sulfate ^vas removed by 24 hours dialysis 
against phosphate buffer in the cold. The enzyme solution was then 
treated udth Ca 3 (P 04)2 gel and was precipitated with alcohol as described 
above. The alcohol precipitate was extracted with about 20 cc. of buffer 
and then centrifuged. The extract was collected and saturated with 
sodium sulfate. At this stage the enzyme could be preserved in the refrig- 
erator for at least 3 weeks without loss. It still contained about 70 per 
cent of the original activity and had an average potency of 200 units per 
mg. of protein. In one case a potency of 500 units per mg. of protein was 
obtained. Table IV summarizes the steps of purification. 


Tabli: IY 

Summary of Potency and Yield of Enzyme after Various Steps in Purification Procedure 


Steps m purification 

Potency per 
mg protein 

Yield 

From kilo 
fresh tissue 

Per cent 
recovery* 


units 

units 


Crude extract of chicken pancreas 

0.13 

4100 

100 

After treatment with Ca phosphate gel 


4200 

103 

After pptn. with alcohol 

1 7 

3500 

86 

After concentration and pptn. with Xa 2 S 04 


3400 

83 

After final pptn. with XazSCt 


2S00 

70 


* Expressed as per cent of tbe content of enzyme in the crude extract of chicken 
pancreas. 


Conditions of Reaction and Some Properties of Partially Purified Chicken 

Pancreas Enzyme 

In spite of the fact that the exact chemical nature of neither the sub- 
strate nor the product of the reaction is known, it has been possible to 
study some of the conditions of the reaction by following the liberation of 
the bacterial growth-stimulating factor. 

The influence of the concentration of the crude substrate was first investi- 
gated. The results are shown in Fig. 1. In order to secure maximal 
velocity of the reaction under the conditions of the experiment, at least 
10 mg. of yeast extract (Difco) were required. No decrease in the quan- 
tity of reaction product was observed with 4 times this amount of sub- 
strate. The effect of varying the concentration of the enzyme is shown in 
Fig. 2. In order to carry the reaction to completion a very large quantity 
of the enzyme was required. 

The effect of pH was also studied. With the crude extracts the opti- 
miun appeared to be at pH 7 and this pH was therefore chosen for the 
testing of activity. With more highly purified enzyme preparations the 
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optimal activity was at pH 8. The difEerence in activity at pH 7 and 8 was, 
however, comparatively small. Fig. 3 shows the results of an experiment 
in which a large excess of substrate was present, and in which the reaction 
was stopped when less than 10 per cent of the substrate was utilized. The 
influence of pH was also investigated in another set of experiments in which 
a study of the time-activity relation was the main object. Fig. 4 presents 
some of the results of this experiment. Very little difference was found 



Fiq. 1. Rate of formation of Streptococcus laclis B*stimulating factor as a function 
of the concentration of the substrate. Each tube contained 0.1 cc. of enzyme sola* 
tion, equivalent to 1.2 units, and 1 cc. of phosphate buffer containing from O.l to 
40 mg. of yeast extract (Difeo), Incubation 15 hours. 



Fig. 2. Rate of formation of Streptococcus laclis R^stimulating factor as a 
of the enzyme concentration. Each tube contained 200 y of yeast extract 
and amounts of enzyme from 0.01 to 5 units. Total volume 1.1 cc.; incubate®® 
hours. 

betweea the rate of the reaction at pH 7.0 and 7.9, except that the 
for the latter pH were less erratic. The reaction at pH 5 started w 
lower, but still comparatively high, velocity. Complete utilization o 
substrate apparently did not take place at pH 5, probably' because o 
destruction of enzyme. 

The activity of the enzyme preparation was tried on a concen 
vitamin Be conjugate (3), kindly supplied by Hr. J. J. ^ 
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Davis and Company, and stated to contain 1.8 y of vitamin Be in the free 
state and 36 y of vitamin Be, including both free and combined forms, 
per cc. (as determined by the growth of Lactobacillus casei). The enzyme 
was found to be active upon this substrate, liberating even more than 



Fig. 3. Rate of formation of Sireplococcus lactis R-stimulating factor as a function 
of pH. Each tube contained 0.6 unit of enzyme and 20 mg. of yeast extract (Difeo). 
Total volume 1.1 cc.; incubation 7 hours. pH 4 and 5, acetate buffer; pH 6 and 7, 
phosphate buffer; pH 8 and 9, borate buffer. 



Fig. 4. Time-activity curves of the purified enzyme preparation. Each tube 
contained 0.6 unit of enzyme and 200 y of yeast extract (Difeo). Total volume 1.1 cc. 

stated amounts of the growth-stimulating factor (as determined by the 
growth of Streptococcus loctis B) when checked against a standard ciy.stal- 
line preparation of free vitamin Be, also kindly supplied by Dr. Phhner. 
Since the same preparation of purified enzyme liberated the Streptococcus 





738 


S. lACnS R FA.CTOR ENZYME 


laciis R-stimuIating factor from both a coacentrate of vitamin Be conjugate 
and the yeast extract (Difeo), it seems reasonable to conclude tliatthe 
actual substrates in both cases must have been similar and contained at 
least one identical group. 


Table V 

Effect of Exposure to Heat on Activity of Er^V^^ 

The figures represent the per cent of the original activil^y remaining after heat 
treatment. Each tube contained 0,5 cc. of the enzyme solution, equivalent to 3 
units. After exposure to the indicated temperatures the tuP^s were cooled, 5 cc. of 
2 per cent yeast extract (Difeo) solution in strong buffer added to each tube, 
and they were incubated 4 hours. 


Temperature 

pH S; Closure 

5 mm. 

pH 7 

pH 9; cxpcsjc 

S mb. 

1 

Exposure 1 min. 


X. 

per cent 

per cent 


i per (ixt 


75 



100 

45 


80 



50 





60 

7 

50 


10 

70 


26 



80 

2 

18 



100 

2 

10 


^^9 


Table VI 

Effect of Digestion with Trypsin on Aciivily of Enzyme 
Each tube contained 0.1 cc. of the enzyme solution, equivi^i®ut 
cc. of trypsin solution in borate buffer, pH 8.0. All tubes were incubate / ® , 

37®, after which 1 cc. of 4 per cent yeast extract (Difeo) solution a 
tube and they were then further incubated for 4 hours at 37 . 1 e re 
stopped by boiling. — — ’ 


CrystoUme trypsin 

Activity 

Trtf. 

#<r 

0 

100 

0.01 

83 

0.1 

83 

1.0 

33 

6.0 

22 


The enzyme was found to be precipitated \vith 75 enzy^^ 

neutral pH, but some loss of activity occurred even At 0 . 
was poorly adsorbed at pH values between 5 and 7 on ^ ^ 
pbate gel or on alumina Cy, and large quantities of borate buffer. 

Once adsorbed it could be rather easily eluted with P- 
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Dialysis against water for 12 hours at refrigerator temperature resulted 
in SO per cent loss of activity. 

The velocity of the reaction was not decreased when incubation with the 
enzyme was carried out in an atmosphere of pure nitrogen, which indicates 
that free oxygen is not essential for the reaction. 

The enzyme was easily inactivated by heat. The resistance to elevated 
temperatures varied at different pH values; the results are shown in 
Table V. 

The enzyme was veiy resistant to the action of crystalline trypsin, pre- 
pared according to the method of Kunitz and Northrop (6). The results 
are sho^vn in Table VI. * 


SUMMARY 

A method is described for the quantitative determination of the enzj^me 
which produces the Streptococcus lactis R growth-stimulating factor from 
inactive precursor substances in yeast. 

The distribution of the enzyme in several organs of the rat, and in a few' 
organs of the dog, hog, cow, rabbit, and chicken, is reported. 

A method leading to the partial puiification of this enzyme is described, 
which involves treatment with calcium phosphate gel, precipitation with. 
alcohol, and repeated concentration of the solution and salting-out with 
sodium sulfate. By this method a preparation with an average potency 
of 200 units per mg. of protein, with a yield of 70 per cent, was obtained 
from chicken pancreas. 

The conditions of the enzymatic reactions have been studied, including 
enzyme-substrate and time-a*ctivity relations. The enzyme exhibits op- 
timal activity between pH 7 and 8, it is rapidly inactivated by exposure to 
temperatures above 45°, and it is relatively stable to the action of crystal- 
line trypsin. 
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THE SPECIFICITY OF THE LEUCINE, ISOLEUCINE, AND 
VALINE REQUIREMENT^ OF LACTOBACILLUS 
ARABINOSUS 17-5 

By D. mark HEGSTED 

(From the Department of Nutrition^ Harvard School of Public Health, and the 
Department of Biological Chemistry, Harvard Medical School, Boston) 

(Received for publication, October 7, 1944) 

Data obtained previously (1) suggested partial activity of d(— )-Ieucine 
in supplying the leucine requirement of Lactdbacillm arahinosus. Further 
studies reported in this paper have confirmed this obsen^ation. We have 
also tested the activity of the isomers of isoleucine, and compounds related 
to leucine, isoleucine, and valine in replacing these amino acids. Data upon 
the activity of the isomers of the amino acids are needed before the syn- 
thetic racemic acids can be justifiably used as standards in microbiological 
assays, and may also throw some light upon amino acid metabolism. 

experimental 

The basal medium and techniques used in these assays were the same 
as previously described (2), except that glycine was added to supply 0.5 
mg. per tube. The rate of gro^vth was followed in these studies by deter- 
miniug the turbidity of the tubes at convenient intervals during the grow'th 
period. Characteristic differences in the time that growth is initiated and 
in the rate of growth furnish evidence that the activity is due to the com- 
pound under investigation and not to contamination of the corresponding 
amino acid. Lactic acid production was also measured at the end of the 
growth period by titration vnth 0.05 n alkali. Titrations were made at 
times which varied from 67 to as long as 150 houra after seeding, depending 
upon the rate of growth. Activity of the material was calculated either 
from turbidity readings or from lactic acid production. Several separate 
assays at a series of levels were made for each compound studied. 

We are indebted to several people who generously contributed samples of 
various compounds for this investigation. We ^vish to thank Dr. W, C. 
Rose for samples of d(— )-valine, sodium a-ketoisocaproate, /(“f)- 
isoleucine, d(— )-isoIeucine, /(+)-aJloisoleucine, and d(~)-alloisoleucine; 
Dr, David Bonner for samples of tertiary dl-leucine, calcium dLa-hydroxy- 
isovalerate, calcium dLa-hydroxy-id-methyl-n-valerate, and calcium dl-a- 
hydroxyisocaproate (3) ; Dr. Sarah Ratner for two samples of d(~)-Jeucine; 
and Dr. Halvor N. Christensen for acetyl-2(+)-leucine, acetyl-dl-valine, 
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ia the characteristics of the growth curves appears to rule out the possi- 
bility that the activity was due to isoleucine contamination. 

Treatment of c?(-')-isoleucine with a d-amino acid oxidase preparation* 
3 delded a preparation with much more activity than appropriate controls, 
thus demonstrating the activity of the corresponding a-keto acid. The 
great activity of the corresponding a-hydroxy acid is of interest in view of 
the failure of a-hydroxyisocaproic acid to show leucine activity. Although 
growth begins somewhat later, after 80 to 100 hours the turbidity or acid 
production is about the same as \vith 2(-f*)-isoleucine. It thus appears that 
there is practically complete conversion to isoleucine, whereas only half of 
the a-ketoisocaproic acid is converted to leucine. 

No activity for the acetyl derivative could be shown. In recovery ex- 
periments in which small known amounts of isoleucine were added to tubes 
containing acetylisoleucine, visible growth developed somewhat later than 
in standard tubes, but the total amount of growth at 70 hours was un- 
affected by the addition of acetylisoleucine. 

Valine — a-Ketoisovaleric acid was showm to replace valine by the m- 
crease in activity after incubation of d{— ) -valine mth d-amino acid oxi- 
dase. Of the other compounds tested, only a-hydroxyiso valeric acid 
proved active. The results were erratic. Growth usually did not occur 
if less than 20 y were added per tube. At higher levels, if growth uas 
initiated, it sometimes exceeded that of di-valine, indicating more than 50 
per cent conversion to valine. The addition of small known amounts o 
valine did not overcome the great variation in the ability of the cultures m 
certain tubes to use a-hydroxyisovaleric acid. 


DISCUSSION 


Although it has been generally concluded that only the naturally occurrmg 
enantiomorphs of the amino acids are active for Lactobacilli (5), 
that in several cases the test has not been sufficiently rigorous to prove ^ 
point. With both i(+)-alloisoleucine and d(— )-leucine, the 
only be shoivn xvith surety if an incubation period longer than 72 ^ ^ 

the isolated unnatural enantiomorph are used. From our data 
seen that the activity of d( — )-Ieucine could be detected only wit ^ ^ 
in a comparison of Z- and dZ-leucine, especially if the 
were the usual 72 hours. Probably not more than 10 per cent ac i 
d(—) -leucine could be found, an amount within the usual eivoro a 

In a given series of tubes at different concentrations, increasing 

ma 3 ' be found on either side of an optimum range, hut it Is dou vi 
one may justifiably discard all other points except for a singe 

« This prcparaliou was kindly supplied by Dr, IL D. 

CompavatWc Pathology and Tropical Medicine, Harvard M < 
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appears optimum, as has been done by Kuiken et al. (6). However, it is 
equally clear that the error occasioned by the use of di-amino acids as 
standards in ordinary assays mil be small. 

The ability of Lactobacillus arabinosus to utilize d(— )-leucine is of interest 
in view of the presence of large amounts of d(— )-leucine in the bacterial 
product, gramicidin.^ The fact that only 50 per cent activity for a-keto- 
isocaproic acid could be sho\Mi may suggest an indiscriminate synthesis of 
either enantiomorph from the keto acid. 

The variation in the activity of the various a-hydroxy acids is of interest. 
These three amino acids can be arranged in order of decreasing availability 
of the corresponding hydroxy acid. a-Hydroxy-j8-methylvaleric acid is 
practically the equivalent of isoleucine; a-hydroxyiso valeric acid is used 
with difficulty in the place of valine; and a-hydroxyisocaproic acid ■will not 
replace leucine. If the conversion to the corresponding amino acid is 
through the intermediate keto acid, it is apparent that there is also a varia- 
tion in the utilization of these, since a-ketoisocaproic acid is less effective 
in replacing leucine than is d^-a-hydroxy-jS-methylvaleric acid in replacing 
isoleucine. 

The difference in the utilization of the acetyl derivatives also indicates 
the great specificity of the enzymatic make-up of the organism. Acetyl- 
leucine is used "with relative ease, but acetylisoleucine or acetylvaline is 
completely unavailable. The failure in utilization is not due to a quanti- 
tative deficiency of the appropriate enz 3 ane, since these derivatives show 
no activity in recovery experiments. Such studies have also sho^vn that 
the acetyl derivatives are not toxic at the levels tested. 

SUMMARY 

The isomers of leucine, isoleucine, and valine and various derivatives of 
these amino acids were tested for their ability to replace these amino acids 
in the nutrition of Lactobacillus arabinosus. In the absence of Z(+)-leucine, 
d(— )-leucine aljoAvs some growth, although the rate is much below normal. 
Similarly, Z(-|-)-ailoisoleucine is capable of partially replacing isoleucine. 
Isoleucine is effectively replaced, valine partially, and leucine not at all by 
the corresponding a-hydroxy acids. Of the acetyl derivatives only acetyl- 
leucine was active. All three of the a-keto acids are active, although these 
have not been measured quantitatively except for a-ketoisocaproic acid, 
which is 50 per cent as active as Z(+)-leucine. 

Thanks are due to Miss Eunice D. Wardwell and Miss M. Lois Butler 
for technical assistance. 

’ Repeated subculture in a medium containing d(— )-Ieucine failed to improve the 
utilization of this amino acid. 
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LETTERS TO THE EDITORS 


A STUDY OF THE IXTER]MEDIATES OF ACETOACETATE 
OXIDATION WITH ISOTOPIC CARBON 


Sirs: 

The hypothesis proposed by Breusch^ and by Wieland and RosenthaP 
that acetoacetate is metabolized via intermediates of the tricarboxylic 
acid cycle has been studied with the use of acetoacetic acid marked with 
in the carboxyl and /3-carbon positions (z.e. CH3C^^0CH2C^300H). 

We have found that citrate, a-ketoglutarate, succinate, fumarate, 
malate, or oxalacetate, when added in proper concentrations to homo- 
genates of guinea pig kidney ^cortex, stimulates the disappearance of 
acetoacetate. To test whether a part of this metabolism proceeds by 
oxidative reactions in which the intermediates of the tricarboxj'^lic acid 
cycle are formed from acetoacetate, the lollowing experiments were per- 
foimed. To 10 gm. of guinea pig kidne}'^ cortex homogenized in 65 ml. 
of Krebs* saline were added sodium bicarbonate, sodium succinate, and 
isotopic sodium acetoacetate so that the final concentrations of these 
substances in a total volume of 100 ml. were 40, 15, and 4 mu per liter 
respectively. The homogenate was incubated aerobically at 38° for 60 
minutes at pH 7.4. After deproteinization, fumaric acid was isolated as 
the di-p-nitrobenzylthiuronium derivative. 

In a second experiment the oxidation of isotopic acetoacetate was 
stimulated by the addition of sodium a-ketoglutarate (15 mM per liter) 
and after 40 minutes the residual a-ketoglutaric acid was isolated as the 
semicarbazone. 


£xp«riment No. 

AcetoaceUtc 

metabolized 

C» concentration, atoms per cent excess 

Initial 

acetoacetate 

Final 

fumarate 

Final 

a'ketoglutarate 

1,A 

mar 

0.25 

3.80 

mm 


1,B 

0.34 

3.98 



2 

0.32 

3.98 1 

■■■ 

0.50 


‘ Breusch, F. L., Science, 97, 480 (1943). 

* Wieland, H., and Rosenthal, C., Ann. Chem., 654, 241 (1913). 
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In a third experiment non-isotopic acetoacetate and succinate ^\ere used 
with isotopic bicarbonate. The fumaric acid isolated contained a nomial 
concentration of indicating that, under the conditions of this experi- 
ment, CO 2 is not assimilated by kidney homogenates. 

The results^ of the first two experiments are shown in the accompanjing 
tabulation. 

The isolated fumaric and cx-ketoglutaric acids contained evcei^s of 
in an order of magnitude which xvould be expected if the acids of die 
tricarboxylic acid cycle are a major pathw'ay of acetoacetate oddation. 
A preliminary experiment indicates that the fumaric acid contained excess 
isotope only in the carboxyl carbons. 

The a-ketoglutaric acid semicarbazone was quantitatively oxidized by 
acid permanganate into 2 CO 2 and succinic acid. The caiboxyl carbon 
proximal to the keto group of a-ketoglutaric acid contained 0.21 atom 
per cent excess and the succinic acid contained 0,59. Should all of 
the isotope of the succinic acid fraction prove to be located in only one 
position in the molecule (z.e. in the carboxyl group xvhich was cffstaf to ihc 
keto group of a-ketoglutaric acid), there xvould be 2.3G atoms per cent 
excess in this position. Were citric acid an intemiediate In aceto- 
acetate oxidation, as suggested by Breusch and by Widand and Rosenthal, 
the 2 carboxyl carbon atoms of a-ketogiutarate should haxe contained 
equal concentrations of 

The oxidation of acetoacetate may occur by a mechanism similar to 
that suggested by Wood et aU for pyrux^ate. In such a schema cis-aconit^o 
acid XX ould be the condensation product of oxalacetic acid and a 2-carbon 
intermediate common to acetoacetate and pyruvate metabolism. 
concentration of in the carboxyl carbon proximal to the keto group 0 
a-ketoglutaric acid is small xx’hen compared xvith the isotope content 0 
the remaining carbons and might result from a reversible side reaction 
betxveen crs-aconitate and citrate. 

Department of Physiological ChemiUry 

School of Medicine 

University of Pennsyhania 

Philadelphia 

Received for publication, December 27, 1944 

* We wish to express our appreciation to Dr Sidney Weinhcusc and the Cat 

Development Corporation for the isotopic analyses reported v ^ 

* Wood, H. C., Werkman, C H , Hemingway, A , and Xier, k 0 
139 . 483 (1941). 
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SOME BIOLOGICAL REACTIONS OF ACETIC ACID 

Sirs: 

The ability of the animal organism to synthesize acetyl groups and 
rapidly oxidize acetic acid raises the question as to the mechanism by 
which acetate is metabolized. It has been suggested that acetate or 
acetoacetate can enter the ^'citric acid” cycle by condensation with oxal- 
acetate.^ Citric acid formation from acetate and oxalacetate has been 
observed in yeast- and from acetoacetate and oxalacetate in kidney.^ 
The intermediates of the ‘^citric acid” cycle, ketoglutarate, oxalacetate, 
etc., cannot be isolated from the intact animal but glutamic and aspartic 
acids, which are in biological equilibrium with these keto acids, can be 
isolated from protein. We have fed labeled acetate containing 19.6 atom 


C7^* Concentrations m Liver Constituents in Atom Per Cent Excess 



Rats (fed labeled ace- 
tate for 3 days) 

Mice (fed labeled ace- 
tate for 8 days) 

Glutamic acid 


O.OSO 

a-Carboxyl of glutamic acid 


0.096 

Aspartic acid 

0.023 , 


Glycogen . . 

0.020 


Respiratory COi 


0.066 

Amidine carbon of arginine j 


O.OSO 

Urinary urea 

0.035 

1 



per cent excess in the carboxyl group to both rats and mice and have 
found the liver dicarboxylic amino acids to contain Degradation by 
ninhydrin or chloramine-T of the glutamic acid shows that not all of the 
is contained in the oi-carboxyl group. The data are shown in the 
table; similar, though lo\ver, values w^ere found in the carcasses. While 
some of the could have been introduced by CO 2 fixation, this mecha- 
nism cannot account for the distribution we find. The findings indi- 
cate that a pathway exists by "which acetate is utilized to form mter- 
mediates of the carbohydrate metabolism. As the tissue proteins have a 
high content of glutamic and aspartic acids, and as large quantities of 
ketoglutaric acid and oxalacetic acid arise from protein and caibohydrate 
metabolism, high C'® concentrations cannot be expected in the dicarbox- 

1 Krebs, A., in Nord, F. F., and Werkman, C H., Advances in enzymology and re- 
lated subjects, New York, 2, 191 (1942). 

^ Sonderhoff, R , and Thomas, H , Ann. Chetn , 630, 195 (1937). 

* Wieland, H , and Rosenthal, C , Ann Chem , 654, 241 (1943). 
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ylic amino acids, even if all the acetate were utilized in the formatioa of 
these compounds. 

De'partment of Biochemistry D. RimNSEaG 

College of Physicians and SurgeoTis Konbad Bloch 

Columbia University 
New York 

Keceived for publication, January 18, 1945 



KETONE BODY FORAIATION FROM ACETATE IN KIDNEY, 
WITH ISOTOPIC CARBON AS A TRACER 

Sirs: 

• Following the demonstration of the intermediary formation of acetyl 
groups in the conversion of fatty acids to ketone bodies by liver, ^ we were 
interested in ascertaining whether ketone bodies are fonned by other 
tissues that metabolize acetate. Although acetate is oxidized rapidly by 
rat kidney slices without the accumulation of ketone bodies,- the possi- 
bility remained that they are formed but are further metabolized too 
rapidly to permit their detection by ordinaiy means. To test this possi- 
bility we carried out the following ^'isotope dilution' ’ experiment. A 
mixture of isotopically labeled acetate and normal, non-isotopic aceto- 
acetate was incubated with kidney slices. The amount of acetoacetate 
added was sufficient to allow the recovery of an appreciable quantity at 
the end of the incubation period. Under these circumstances any isotopic 
acetoacetate formed from acetate should mix with the normal aceto- 
acetate; thus, the presence of excess isotope in the recovered acetoacetate 
would constitute proof of its formation from acetate. 

Utilizing this procedure, we have now obtained definite evidence of the 
condensation of acetate to acetoacetate in kidney. The results of a 
typical experiment (one of three thus far carried out) are described below. 

A mixture of 0.545 mu of sodium acetate, having an excess of 8.32 atom 
per cent in the carboxyl carbon, and 0.297 mu of sodium acetoacetate, 
in 60 ml. of a Ringer-phosphate solution, was shaken in oxygen for 2 
hours at 38° with 2.44 gm. of slices of whole rat kidney. There were 
recovered 0.453 mM of acetic acid and 0.140 mM of acetoacetate. The 
latter was decarboxylated to acetone and CO 2 . The acetone had a C*’ 
excess of 0.27 per cent. Iodoform, isolated by degradation of the acetone, 
had only the normal concentration, indicating that the excess was 
confined to the carbonyl group of acetone (the i5-carbon of acetoacetate). 
Hence the content of the ^S-carbon was 0.27 X 3 = 0.81 per cent. The 
CO 2 from the carboxyl group of acetoacetate had 0.82 per cent excess. 

There was also formed 0*071 mu of hydroxy butyrate which, on oxida- 
tion with dichiomate, yielded acetone with 0.20 per cent excess, repre- 
senting 0.60 per cent in the ^-carbon atom. 

A rough calculation shows that of the total isotopic acetate utilized at 
least 55 per cent was transformed to ketone bodies. The equal distribu- 
tion of the excess isotope between the carboxyl and ^-carbon atoms of 

» Weinhouse, S., Medes, G., and Floyd, N. F., J. Biol Chem., 155, U3 (1944). 

* Unpublished observation. 
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acetoacetate and the absence of from the a- and 7-carbon atoms indicate 
that the ketone bodies arise in kidney by the same mechanism as in liver; 
Le.y by coupling of acetyl groups. 

Evidently ketone body formation is not exclusively a liver function, as 
is widely believed, but may occur generally in tissues which metabolize 
acetate. 

We express our appreciation for the cooperation of Professor H. C. Urey 
and the Houdry Process Corporation of Marcus Hook, Pennsylvania. 

The Lankenau Hospital Research histitiUe Grace Medes 

Philadelphia Sidney \Veinuou5B 

Norman F. Floyd 

Received for publicatioa, January 15, 1945 



EFFECT OF NUCLEATES ON THE RATE OF :^IETHYLENE 
BLUE DECOLORIZATION IN TISSUE EXTRACTS 

Aqueous tLsue extracts, containing i educing system ", the 

capacity of decolorizing methylene blue under anaeiobic conditions. We 
liave observed that when sodium yeast nucleate is added to such extract:, 
the clecolorization rate is slightlj^ decreased; ^^hen sodium th^^mnis nucleate 


is added, this rate is very considerably decreased. The extent of this 

Concentration of methylene blue 1 24 X 10“^ m, of the nucleates I.O per cent, of 
xanthine 1 6 X 10^^ m; each cc. of the liver extract equivalent to 300 mg of tissue; 
temperature 24-26®; anaerobic conditions throughout 

Muture 

1 ZJecoIoruation rale 

2 cc. liver extract 4- 1 cc. H;0 -h 1 cc. H 2 O + 1 cc. methylene 1 
blue . . ' 

I min X 

! 50 

2 cc. liver extract + 1 cc. HjO + 1 cc, .xanthine 1 cc, methylene i 
blue .... ! 

S3 

2 cc. liver extract -f 1 cc. yeast nucleate -b 1 cc. H 2 O + 1 cc meth- ] 
ylene blue . ‘ 

1 

40 

2 cc. liver extract -f 1 cc. yeast nucleate + 1 cc xanthine -p 1 cc ' 
methylene blue ... 

71 

2 cc. liver extract -f cc thymus nucleate 4* J cc HiO + 1 cc 
methylene blue . . • ^ 

7 

2cc. liver extract + 1 cc. thymus nucleate 4- 1 cc. xanthine 4^ 1 cc, ' 
methylene blue . . i 

3S 


decrease in rate is proportional to the amount of nucleate added Addi- 
tion of xanthine results in an increase in decolorization rate which appears 
to be very nearly the same \\hether nucleate is present or not. The 
percentage increase in rate on addition of substrate, hon ever, is greatest 
in the presence of thymus nucleate. The fact that the activity of xanthine 
dehydrogenase is independent of the presence of nucleate indicates that 
there is no effect of the nucleate on the dye The results of a typical 
expeiiment are given in the table. 

Analogous results to those in the table have been obtained with tissue 
extracts from other species, as w’ell as Avith suspensions of rat heaii^ with 
succinate. Nearly identical results are obtained with fleshly mixed 
solutions and with mixtures which are allow^ed to stand until the vLcosity 
of the thymus nucleate is reduced nearly to that of the extiact (en 2 \Tnatic 
depolymerization), Porphyrindin oxidation of sulfhydiyl grouji" lu the 
extract has no effect on the rate of decolorization of the dye. 
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LETTERS TO THE EDITORS 


It is possible that the thymus nucleate is reduced by certain of the 
tissue components, and the oxidation of the reduced nucleate by the dye 
is a relatively slow process. We have noted that highly pol}Tiierued 
th^TQUS nucleate treated with hydrosulfite takes up oxygen more rapidly 
than the reducing agent alone. The autoxidation of riboflam reduced 
by hydrosulfite in the presence of thymus nucleate is appreciably delayed. 
Our results suggest that thymus ty'pe nucleates participate in the regula- 
tion of certain oxidation-reduction processes. 

National Cancer Institute Jesse P. Gbeenstzix 

National Institute of Health Habolo W. CaALSirr 

BeihesdUf Maryland 

Received £or publication, January 22, 1945 
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sor, Deuel, Johnston, Ifofflioiac, 
Rollman, ond Winzhr, l^ 

Metabolism, sulfhydryl enzymes, rela- 
tion, Barron and Singer, 211 
Carbon; Isotopic, acetoacetate oxida- 
tion, study with, Buchanan, 

Gurin, and Wilson, 

— , ketone body formation, kidcei 
acetate relation, use ia study, 
Medes, Weinhouse, and Floyd, 

751 

Carcinoma; Adrenocortical, digito^* 
precipitable non-ketonic fracW 
Hirschmann ond Hirschmann, m 
— , steroid excretion, Hirschmann 
Hirschmann, 

Cardiolipln; Prepataiion, Pangkrn^^^ 

Casein: -Silver, compound, 

Xanthurenic acid excretion. Pi'*'®" 
deficiency, effect, ilillcf c” 

,■ .ffwi 

Chick: Biotin, various fbrnn, 

Chloride: Excretion, aititude 
Burriit, Freeman, 

Cholesterol: Free, 

Schoenheiiuer-Sperry meth . ^ 

Pregna/ediol’conversion from, 

CholS:Sthyiaminoelbnojsnd,»^^ 

trition effect, comparison, 

Oleson, , .. Yeufo* 

Milk products, determinati , - 
spora use, Hodson, 

Collagen : Deanunized, jj 

Theis, 15 

-Formaldehyde reachon, < ^ 

-Quinone reaction, [ ‘"^^biiity. by 

■-s 

cS^-- "S 

trum, Drabkin, (^qIq. 

transphospborylation, 

wick and Price, ^ 

Creatine: Blood, determinat . 
jxuitic, Allif^^^* 
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Creatinine: Blood, determination, en- 
zymatic, Allinsotif 169 

D 

Diet: Essential factors, guinea pig, 
Woolley and SprincCf 447 

Dlhydrocozymase : Absorption spectrum, 
Drabkiny 563 

Trans phosphorylation , r61e , Colowick 
and Price t 415 

Dime thy lamino ethanol : Nutrition effect. 
Jukes and OZeson, 419 

Dinitrophenylhydrazone(s) : 2,4-, es- 
trone and equilenin, separation, 
chromatographic, Vcitch and MilonCy 


Egg white : Lysozyme isolation, Alderlon, 
Wardy and Fevold, 43 

Einstein-Sutherland : Relationship, or- 
ganic ions, diffusion, Dean and Lor- 
ingy 717 

Enzyme (s) : Blood creatine and creatin- 
ine determinatinn, use, AZZitwoh, 

169 

Streptococcus Zactis-stimulating factor, 
yeast, effect, Laskowskiy MimSy and 
Dayy 731 

Sulfhydryl, carbohydrate metabolism, 
rMation, Barron and Singer y 221 
— , fat and protein metabolism, rela- 
tion, Singer and Barron y 241 

Trans phosphorylation, r6Ie, Colowick 
and Price, 415 

Urine uric acid, determination, use, 
Buchanan, Block, and Christman, 

181 

Vitamin Be formation from conjugate. 
Bird, Binkley, Bloom, Emmett, and 
Pfiffner, 413 

See also Arginase, Dihydro cozymase, 
Phospholipase, Trypsin 
Equilenin : 2,4-Dinitrophenylhydrazone, 
separation, chromatographic, Veitch 
and Malone, 417 

Estrogen (s) : Feces, pregnancy, Levin, 

407 

Estrone : 2,4-Dinitrophenylhydrazone, 
separation, chromatographic, Veitch 
and Milone, 417 


Ethanol: Dimethylamino-, nutrition ef- 
fect, Jukes and Oleson, 419 

Ethanolamine : Determination, Artom, 

585 

Phosphatidyl, tissue, determi nation ^ 
Artom, 585 

Ethylene glycol: Biuret reaction, pro- 
teins, effect, Mehly 178 

Exercise : Blood pyruvic-lactic acid ratio, 
effect, Priedemann, Haugen, and 
Kmiecxak, 678 


Fat(s) : Dietary, inositol lipotropic ac- 
tion, effect, Beveridge and Lucas ^ 

311 

Metabolism, sulfhydryl enzymes, rela- 
tion, Singer and Barron, 241 

Fatty acid(s); Free, tissue, Fairbairn, 

645 

Metabolism, Medes, Weinhousc, and 
Floyd, 35 

Oxidation, liver, homogenized, adeno- 
sine polyphosphates, relation, Lehn- 
ingcr, 363 

Tuberculin residue wax, Ginger and 
Anderson, 203 

Feces : Estrogens, pregnancy, Levin, 

407 

Porphyrin, Watson, Schwartz, and 
Hawkinson, 345 

Folic acid: Determination, titrimetric, 
Teply and Elvehjem, 303 

Food(s) : Blood pyruvic-lactic acid ratio, 
effect, Friedemann, Haugen, and 
Kmieciak, ^73 

Tryptophane determination, colori- 
metric, Horn and Jones, 163 

Formaldehyde: -Collagen, reaction, 

Theis, 

Protein-, reaction, Theis, 7, 16 
— ^ j temperature and dciiaturation 
effect, Theis, J 

Frnctosan: Plant, determination, colori- 
metric, McRary and Slattery, 161 


G 

Glutamic acid: Determination, micro- 
biological, Lyman, Kuihcn, Blotter, 
and Hale, 395 
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Glutamic acid — continued: 

determiDatioa, Laciobacillus 
use, Lewis and Olcoltf 263 

Glutamine; Urea synthesis from, liver 
extract xelatioa, Archibald t 519 
Glutathione : Blood, alloxaa injection 
effect, Leech and Bailey ^ 525 

Glyceraldehyde 3-phosphate: d-, oxida- 
tion and phosphorylation, spectro- 
photometry, Drabkin and Meyerhof, 

571 

Guinea pig: Diet essentials, Woolley and 
Sprince^ 447 

H 

Harden-Young reaction: Alcoholic fer- 
mentation, origin, Meyerhof, 105 
Hemoglobin: Isoleucine deficiency, Al- 
hanese, 613 

Saturation, arterial blood, in vivo, 
spectrophotometry, Drabkin and 
Schmidt, 69 

Hypothyroidism: Blood serum proteins, 
fractionation, effect, Moore, Levin, 
and SmeUer, 723 

I 

Indoxyl: Precursors, Stoppani, 1 

Inositol : Lipotropic action, fat, dietary, 
effect, Beveridge and Lucas, 311 
Isoleucine: Hemoglobin, deficiency, AU 
hanese, 613 

Lactobacillus arahinosus requirements, 
specificity, Hegsted, 741 

Isotope (s) : Radioactive, mineral metab- 
olism indicator, Greenberg, 99 

K 

Ketone bodies: Formation, kidney ace- 
tate relation, isotopic carbon in 
study, Medes, Weinhouse, and Floyd, 

751 

Ketosis: Deuel, Johnston, Morehouse, 
Rolhnan, and Winzler, 135 

Kidney: Acetate, ketone body formation 
relation, isotopic carbon in study, 
Medes, Weinhouse, and Floyd, 751 

L 

Lactate: Blood, distribution, Johnson, 
Edwards, Dill, and iriZson, 461 


Lactic acid : Brain, oxidation, avibimco- 
sis effect, Oalvdo, Pereira, and Lin- 
ongi, 667 

-Pyruvic acid ratio, blood, food, exer* 
else, and anoxia, effect, Friedtnann, 
Haugen, and Kmieciak, 673 

Lactobacillus; I(+)-Glutaia)c acid de- 
termination, use, Lewis and OksH, 
265 

Lactobacillus arahinosus: Leucine, iso- 
leucine, and valine requireraeuU, 
Hegsled, HI 

Lactobacillus easel: Factor, determiai* 
tion, titrimetric, Teply and Eluh- 
jem, ^ 

— , vitamin deficiency, monkey, d- 
feet I Day, Mims, TotieTf 
Hutchings, and Sloane, ^ 
Leucine: Iso-, hemoglobin, deficiency, 
Albanese, 

— , Lactobacillus arahinosus require- 
ments, specificity, HegsUd, HI 

Lactobacillus arahinosus requirementi, 
specificity, Hegsled, 

Lipase : Phospho-, moccasin venom, Fatr 

bairn, i r m 

Lipid(s) : Phospho-. See Phosphohpja 
Tubercle bacillus, chemistry, 
and Anderson. 

Liver: Butyric acid breakdown, carbur) 

labeled. Medes, Weinhou^^f 
Floyd, 

Extract, urea synthesis fromgiutanune 
by, Archi^ aid, .j ,• « 

Homogeniz; i, fatty acid » 

adenosino polyphosphates, te ^ 


Schwarl:, arJ 


m 


Lehning^, 

Porphyrin, Watson, 

Ilawkinson, ^ 

Lysozyme; Egg white, isoktioD, 

ton. Ward, and Faold, 

U 

Methylene blue; 

extracts, nucleate effect, 
and Chalkley, . 

Milk: Products, cholme an 

termination, Neurospora osC. ^ 
son, 
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Mineral (s) : Metabolism, radioactive iso- 
topes in study, Greenhergt 99 
Moccasin: Venom, phospholipase, Fair- 
6atrn, 633 

Mold: See also -Veurospora 
Monkey: Vitamin M deficiency, Lacto- 
bacillus casci factor, effect, -Day, 
MimSf Totter, Siokstad, Hutchings, 
and Sloane, 423 

Muscle : Sec also Exercise 
Mycocerosic acid: Tuberculin residues, 
Ginger and Anderson, 203 

N 

Neurospora: Biotin, milk products, de- 
termination, use, Hodson, 383 
Choline, milk products, determination, 
use, Hodson, 383 

Nicotinic acid; Deficiency, 3-acetylpyri- 
dine effect, Woolley, 455 

Nitrogen: a-Amino acid, blood plasma, 
Woodruff and Man, 93 

Nucleate(s) : Methylene blue decoloriza- 
tion, tissue extracts, effect, Green- 
stein and Chalkley, 753 

O 

Organic lon(s) : Diffusion, Einstein- 
Sutherland relationship, Dean and 
Loring, 717 

Oxidation (s ) : Biological, Barron and 
Singer, 221 

Singer and Barron, 241 

P 

Peptide (s) : Amino acids and, Dunn, 
Schott, Ftankl, and Rockland, 387 
Proteins and, Dunn, Scholl, Frankl, 
and Rockland, 387 

Phosphatidyl ethanolamlae : Tissue, de- 
termination, Arlom, 585 

Phosphatidyl serine ; Tissue, determina- 
tion, Ariom, 585 

Phospholipase: Moccasin venom, Eair- 
haim, 633 

Phospholipid (s) : Blood plasma, distribu- 
tion, Artom, 595 

Tissue, distribution, Artom, 595 
Phthiocerol: Tubercle bacillus, Ginger 
and Anderson, 213 


Plant (s) : Fructosan, determination, col- 
orimetric, McRary and Slattery, 161 
Porphyrin (s ) ; Bile, Watson, Schwartz, 
and Hawkinson, 345 

Feces, Watson, Schwartz, and Hawkin- 
son, 345 

Liver, Watson, Schwartz, and Hawkin- 
son, 345 

Urine, Watson, Schwartz, and Hawkin- 
son, 345 

Uro-, Grinstein, Schwartz, and Watson, 

323 


Watson, Schwartz, and Hawkinson, 

345 

— , I, purification, Grinstein, Schwartz, 
and Watson, 323 

— , Waldenstrom’s, nature, Grinstein, 
Schwartz, and Watson, 323 

Waldenstrom type, TVatson, Schwartz, 
and Hawkinson, 345 

Potassium: Excretion, altitude effect, 
Burrill, Freeman, and Ivy, 297 
Urine, determination, gravimetric. 
Freeman and Burrill, 287 

Pregnancy : Feces, estrogens, Levin, 407 
Pregnanediol : Cholesterol conversion to, 
biological, Bloch, 661 

Protein (s): Amino acids and, Dunn, 
Schoii, Frankl, and Rockland, 387 
Biuret reaction, ethylene glycol pres- 
ence, Mehl, 

Blood, Albanese, 6^3 

— serum, fractionation, normal and 
hypothyroid rats, Moore, Levin, and 
Smelser, 

-Formaldehyde reaction, Theis, 7, 15 

— temperature and denaturation 

effect, Theis, ^ 

Metabolism, sulfhydryl enzymes, ef- 
fect, Singer and Barron, 241 

Peptides and, Dunn, Schott, Frankl, 
and Rockland, 

Trypsin effect, Haurowitz, Tunca, 
Schwerin, and Goksu, 621 

Tryptophane determination, colori- 
metric, Horn and Jones, 153 

f (- ) -Tryptophane, determination, 
microbiological, Wooley and Scbrell, 

141 
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Pseudomonas saccharophlla : HaSinose 
utilization, Doudoroffy 699 

Purine (s) : Methylated, metabolism, 
Buchanan^ Blochy and ChrisUyiariy 

181 

Buchanan, Christman, and Block, 

189 

Pyridine: 3-Acetyl-, nicotinic acid 
deficiency relation, Woolley, 455 
Pyridoral : Natural products, Snell, 491 
Vitamin activity, various organisms, 
Snell and Rannefeld, 475 

Pyridoxamlne : Natural products, Snell, 

491 

Vitamin activity, various organisms, 
Snell and Rannefeld, 475 

Pyridorlne : Deficiency, xanthurenic acid 
excretion, casein and tryptophane 
effect, Miller and Baumann, 551 
Pyruvic acid: Friedemann, Haugen, and 
Kmieciah, 673 

Lactic acid-, ratio, blood, food, exer- 
cise, and anoxia, effect, Friedemann, 
Haugen, and Kmieciak, 673 


Snake (s) : Brazilian, blood plasma ribo- 
flavin, Villela and Frado, 69J 
See also Moccasin 

Sodium : Excretion, altitude effect, Bur» 
rill, Freeman, and Ivg, 29? 
Spectrophotometiy; Drdbkin ard 
Schmidt, 69 

Drabkin, 563 

Steroid (s) ; Excretion, adrenocortical 
carcinoma, Hirschmann and Hinch 
jnann, 601 

Streptococcus lactls ; -Stimulating factor, 
yeast, enzymatic production, Zoi- 
kowski, Mims, and Day, 731 
Strontium: Radioactive, vitaxuin D ac- 
tion, rickets, use in study, Oran- 
berg, ^ 

Sulfhydryl: Enzymes, carbohydrate 

metabolism, relation, Barron ard 
Singer, ^ 

— fat metabolism, tel&iion. Singer ard 
Barron, , 

— , protein metabolism, relation, 
and Barron, 


Q 

Qulnone: Collagen-, reaction, Theis, 23 
— , — , fixation and thermolability, 
hydrogen ion concentration effect, 
Theis, 23 


R 

Raffinose; Pseudomonas saccharophita, 
utilization, Doudorojf, 699 

Riboflavin : Blood plasma, snakes, Villela 
and Prado, 693 

Metabolism, thiamine deficiency effect, 
Sure, 543 

Rickets: Vitamin D action, radioactive 
calcium and strontium in study, 
Greenberg, 99 

S 

Serine: Determination, Artom, 585 
— , microbiological, Stokes and Gun- 
ness, 651 

Phosphatidyl, tissue, determination, 
Artom, 585 

Sliver: -Casein compound, Lieben, 627 


Theobromine : Uric acid excretion, 
gestion effvct, BticUnan, ChrUtmM, 
and Block, . r 

Theophylline; Uric acid excretion, in- 
gestion elfect, Buchanan, Chrulman, 
and Block, ^ . . 

Thiamine: Deficiency, riboflavin 
olism, effect, Sure, 

Thyroid: See aUo Hypof!iyK»‘)f'“ 

Tissue: Phospholipids, distribution,^ 

Traisminatlon: Bacteria, 

ViS’^nB. and, Schlenk andSntU. ^ 

rransphosphorylation : ? ”*415 

Turn 

tryptophane: Poods, d 

colorimetric, Som and 
Free, 

biological, Dunn, Sc > 
and Rockland, 
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Tryptophane — continued; 

K“)-> protein, determination, micro- 
biological, Woolcy and Sebrcllf 141 
Proteins, determination, colorimetric, 
Horn and Joncs^ 153 

Urine, determination, Albancsc and 
Frankstonj 59 

Xanthurenic acid excretion, pyridoxine 
deficiency, effect, Miller and Ban- 
monn, 551 

Tubercle bacillus: Lipids, chemistry, 
Ginyer and Anderson^ 203, 213 
Phthiocerol, Ginger and Anderson, 

213 

Tuberculin: Residues, mycocerosic acid. 
Ginger and Anderson, 203 

— , wax, fatty acids, Ginger and Ander- 
son, 203 

U 

Urea; Determination, colorimetric, 
Archibald, 507 

Synthesis from glutamine, liver extract 
relation, Archibald, 519 

Uric acid: Excretion, caffeine, theo- 
phylline, and theobromine ingestion, 
effect, Buchanan, Christman, and 
Block,, 189 

Urine, determination, enzymatic, 
Buchanan, Block, and Christman, 

181 

Urine: Porphyrin, Watson, Schwartz, 
and Hawkinson, 345 

Potassium, determination, gravimetric, 
Freeman and Burrill, 287 

Tryptophane determination, Albanese 
and Frankston, 59 

Uric acid determination, enzymatic, 
Buchanan, Block, and Christman, 

181 

Uroporphyrin (s ) ; Grinstein, Schwartz, 
and Watson, 323 

Watson, Schwartz, and Hawkinson, 

345 


Uroporphyrin (s)—conitnued; 

I, purification, Grinstein, Schwartz, 
and IFatson, 323 

Waldenstrom’s, nature, Grinstein, 
Schwartz, and Watson, 323 

V 

Valine: Lactobacillus arabinosus require- 
ments, specificity, Hegsted, 741 

Venom: Moccasin, phospholipase, Fair- 
bairn, 633 

Vitamin (s); B*, enzymatic formation 
from conjugate, Bird, Binkley, 
Bloom, Emmett, and Pfiffner, 413 
Ba, Snell and Rannefeld, 475 

Snell, 491 

— , transamination and, Schlenk and 
Snell, 425 

D, rickets, action, radioactive calcium 
and strontium in study, Greenberg, 

99 

Interrelationships, Sure, 543 

M deficiency, monkey, Lactobacillus 
casei factor effect, Day, Mims, Tot- 
ter, Stoksiad, Hutchings, and Sloane, 

423 

Pyridoxal activity, various organisms, 
Snell and Rannefeld, 475 

Pyridoxamine activity, various or- 
ganisms, Snell and Rannefeld, 475 

See also Avitaminosis 

W 

Wax; Tuberculin residues, fatty acids, 
Ginger and Anderson, 203 

X 

Xanthurenic acid : Excretion, pyridoxine 
deficiency, casein and tryptophane 
effect. Miller and Baumann, 551 

Y 

Yeast: Streptococcus facits-stimulating 
factor, enzymatic production, Las- 
kowski, Mims, and Day, 731 
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Pseudomonas sacchaxophila ; Hadinose 
utilization, Doudorofff 699 

Purine(s) : Methylated, metaboliam, 
Buchanan, Blocks and Chrts/man, 

181 

BuchanaJirf Christman^ and Block, 

189 

Pyridine: 3-Acetyl-, nicotinic acid 
deficiency relation, Woolley, 455 
Pyridoxal : Natural products, Snell, 491 
Vitamin activity, various organisms, 
Snell and Rannefeld, 475 

Pyridoxamine: Natural products, Snell, 

491 

Vitamin activity, various organisms, 
Snell and Rannefeld, 475 

Pyrldoxine : Deficiency, xanthurenic acid 
excretion, casein and tryptophane 
effect. Miller and Baumann, 551 
Pyruvic acid : Fri€de7nann, Haugen, and 
Kmiectak, 673 

Lactic acid-, ratio, blood, food, exer- 
cise, and anoxia, effect, Friedemann, 
Haugen, and Kmieciak, 673 


Snake (s) : Brazilian, blood plasma nt»- 
fiavin, VilUla and Prado, 

See also Moccasin 

Sodium : Excretion, altitude effect, 5ur. 

nil, Freeman, and hy, 291 

Spectrophotometry : BrahUn ard 

Schmidt, 63 

Drabkin, 563 

Steroid (s): Excretion, adretiocotlicai 
carcinoma, HirschmoTm ond Himh 
mann, 601 

Streptococcus lactls: -Stimulatiiig factor, 
yeast, enzymatic production, £ci* 
kowski, Mims, and Day, 731 
Strontium: Radioactive, vitamin Pac- 
tion, rickets, use in study, Orctn- 
berg, 59 

Sulfhydryl ; Enzymes, carbohydrate 
metabolism, relation, fiaiycn erJ 
Singer, 231 

fat metabolism, relation, Sinjcrard 
Barron, 211 

— , protein metabolism, relation^ Smyrr 
and Barron, 241 


Q 

Quinone : CJollagen-, reaction, Theis, 23 
— , — , fixation and thermolability, 
hydrogen ion concentration effect, 
Theis, 23 


R 

Raffinose : PscurfoTUonos sacckarophila, 
utilization, Doudoro^, 699 

Riboflavin : Blood plasma, snakes, Villela 
and Prado, 693 

Metabolism, thiamine deficiency effect, 
Sure, 543 

Rickets: Vitamin D action, radioactive 
calcium and strontium in study, 
Greenberg, 99 

S 

Serine: Determination, Arlom, 585 
— , microbiological, Stokes and Gun- 
ness, 651 

Phosphatidyl, tissue, determination, 
Ariom, 585 

Sliver: -Casein compound, Lteben, 627 


T 


Theobromine: Uric acid excreiioD, in- 
gestion effect, Buchanan, CkUlnan, 
and Block, _ 

Theophyllines Uri® 8“*^ cxctctioa, «■ 
geation eifeot, Buchanan, Chritiaan, 
and Block, , . 

Thiamine: Deficiency, ribofiavis rccbb- 
oUsm, effect, Sure, 

Thyroid: See also Hypothyroidism 
Tissue: Phospholipids, distnbutwfl,^ 

TransMlnatloa: Bacteria, Lichtuin 

Cohen, j a* tt 

Vitamin B» and, Schknk andincti, 


nsphosphorylatlon: 

inase r6Ie, Colowick and Pw. 
pain: Protein, effect, ' 

Tunca, Schrenn, and GoUu, 

and Rockland, 
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Tryptophane — continued: 

U“)-» protein, determination, micro- 
biological, Woolcy and Sebrellf 141 
Proteins, determination, colorimetric, 
Horn oTid JoneSf 153 

Urine, determination, Alhanese and 
Frankstonf 59 

Xanthurenic acid excretion, pyridoxine 
deficiency, effect. Miller and Bau- 
mann, 551 

Tubercle bacillus : Lipids, chemistry. 
Ginger and Anderson^ 203, 213 
Phthiocerol, Ginger and Anderson ^ 

213 

Tuberculin: Residues, mycocerosic acid, 
Ginger and Anderson ^ 203 

— , wax, fatty acids, Ginger and Ander- 
son, 203 

U 

Urea: Determination, colorimetric, 

Archibald, 507 

Synthesis from glutamine, liver extract 
relation, Archibald, 519 

Uric acid: Excretion, caffeine, theo- 
phylline, and theobromine ingestion, 
effect, Buchanan, Christman, and 
Block , . 189 

Urine, determination, enzymatic, 
Buchanan, Block, and Christman, 

181 

Urine: Porphyrin, Watson, Schwartz, 
and Hawkinson, 345 

Potassium, determination, gravimetric. 
Freeman and Burrill, 287 

Tryptophane determination, Albanese 
and Frankston, 59 

Uric acid determination, enzymatic, 
Buchanan, Block, and Christman, 

181 

Uroporphyrin (s ) ; Grinstein, Schwartz, 
and Watson, 323 

Watson, Schwartz, and Hawkinson, 

345 


Uroporphyrin (s) —continued: 

I, purification, Grinstein, Schwartz, 
and Watson, 323 

Waldenstrom's, nature, Grinstein, 
Schwartz, and Watson, 323 

V 

Valine: Lactobacillus arabinosus require- 
ments, specificity, Hegsted, 741 

Venom: Moccasin, phospholipase. Fair- 
bairn, 633 

Vitamin (s): Be, enzymatic formation 
from conjugate, Bird, Binkley, 
Bloom, Emmett, and Pjifner, 413 
B|, Snell and Rannefeld, 475 

Snell, 491 

— , transamination and, Schlenk and 
Snell, 425 

D, rickets, action, radioactive calcium 
and strontium in study, Greenberg, 

99 

Interrelationships, <Sure, 543 

M deficiency, monkey, Lactobacillus 
casei factor effect, Day, Mims, Tot- 
ter, Stoksiad, Hutchings, and Sloane, 

423 

Pyridoxal activity, various organisms, 
Snell and Rannefeld, 475 

Pyridoxamine activity, various or- 
ganisms , Snell and Rannef eld, 475 
See also Avitaminosis 

W 

Wax; Tuberculin residues, fatty acids, 
Ginger and Anderson, 203 

X 

Xanthurenic acid : Excretion, pyridoxine 
deficiency, casein and tryptophane 
effect, Miller and Baumann, 551 

Y 

Yeast: Streptococcus Zaciw-stimulating 
factor, enzymatic production, Las- 
kowski, Mims, and Day, 731 



